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1. INTRODUCTION 

Two major d i s t i n c t  problems are i n v e s t i g a t e d  i n  t h i s  r e p o r t  

which are in t roduced  as fo l lows:  . 

1.1 EPF'ECT OF I N I T I A L  TANGENTIAL VELOCITY DISTRIBUTION ON TEE )lIEAN 
EVOLUTION OF A SWIRLING TURBULENT FREE JET 

Turbulent  j e t s  wi th  swirl e x h i b i t  d i s t i n c t i v e  c h a r a c t e r i s t i c s  

absen t  i n  t h e i r  n o n r o t a t i n g  coun te rpa r t s .  A subsonic  swir l - f  r e e  

j e t ,  f o r  example, expe r i ences  t h e o r e t i c a l l y  no s t a t i c  p r e s s u r e  

g r a d i e n t  i n  t h e  a x i a l  or r a d i a l  d i r e c t i o n .  Hence, i n  t h i s  case, t h e  

mechanism for j e t  sp read  is dominated by t h e  t u r b u l e n t  mixing a t  t h e  

i n t e r f a c e  between t h e  j e t  and t h e  ambient f l u i d .  A t u r b u l e n t  j e t  

wi th  s t r o n g  s w i r l ,  on t h e  o t h e r  hand, i s  p r i m a r i l y  d r i v e n  i n  t h e  

n e a r  f i e l d  (x/D < 5) by t h e  s t a t i c  p r e s s u r e  g r a d i e n t s  i n  both a x i a l  

and r a d i a l  d i r e c t i o n ,  i.e. mainly an i n v i s c i d  phenomenon. Turbulent  

mixing then  becomes a dominant f a c t o r  only when t h e  s t r o n g  p r e s s u r e  

g r a d i e n t s  are weakened through r ap id  i n i t i a l  j e t  spread  (i.e. a j e t  

i n  near  p r e s s u r e  equ i l ib r ium) .  The occurrence  of flow r e v e r s a l  i n  

t h e  j e t ,  o r  what i s  known as v o r t e x  breakdown, is a f a s c i n a t i n g  

phenomenon observed i n  h i g h - i n t e n s i t y  s w i r l i n g  flowls, which we w i l l  

b r i e f l y  d i s c u s s  i n  t h i s  r epor t .  The absence of a p o t e n t i a l  core, by 

d e f i n i t i o n ,  i n  a s w i r l i n g  jet is ano the r  f e a t u r e  which d i s t i n g u i s h e s  

t h e  r o t a t i n g  from t h e  n o n r o t a t i n g  j e t s .  

The nondinens iona l  parameter  d e s c r i b i n g  the  i n t e g r a t e d  srJirl 

s t r e n g t h  i n  a j e t  is the swirl number S, and i s  de f ined  as 

1 



S z G / G R  e x  

( 3 )  
- 2  G Z 27r [pU + (p  - p-) ] rdr ;  j e t  a x i a l  t h r u s t ,  

X 
0 

and R is t h e  nozz le  e x i t  rad ius .  The i n c l u s i o n  of t h e  t u r b u l e n t  

s h e a r  and normal stresses, p u w and p u , i n  t h e  i n t e g r a n d s  of t h e  
- 7- 

j e t  torque  and t h r u s t  e x p r e s s i o n s ,  i.e. Equat ions  ( 2 )  and ( 3 1 ,  

r e s p e c t i v e l y ,  p rovide  f o r  t o t a l  j e t  t h r u s t  and torque  as d e s c r i b e d  

i n  b f e r e n c e  [ l ] .  However, our s w i r l  number d e f i n i t i o n  exc ludes  

Reynolds stresses. By d e f i n i t i o n ,  t h e  swirl number is an  i n t e g r a t e d  

q u a n t i t y ;  hence, i t  is p o s s i b l e  t o  g e n e r a t e  s w i r l i n g  j e t s  wi th  

d i f f e r e n t  i n i t i a l  t a n g e n t i a l  v e l o c i t y  p r o f i l e s  ranging  from s o l i d  

body r o t a t i o n  [i .e.  Wo(r) = c.rI t o  near  f r ee -vor t ex  flow 1i.e. 

Vo( r )  .L c / r )  w i th  c o n s t a n t  "S." Xoreover, as t h e  s t a t i c  p r e s s u r e  

f i e l d  is  coupled t o  t h e  t a n g e n t i a l  v e l o c i t y  d i s t r i b u t i o n ,  through 

t h e  momentum e q u a t i o n s ,  and d o d n a t e s  t h e  s w i r l i n g  j e t  e v o l u t i o n  i n  

t h e  near  f i e l d ,  v a s t l y  d i f f e r e n t  mean j e t  behavior (e.g. mean 

c e n t e r l i n e  v e l o c i t y  decay) should  be obse rvab le  i n  s w i r l i n g  j e t s  

w i t h  c o n s t a n t  "S." C h i g i e r  and Beer 111 and P r a t t  and R e f f e r  121, 

among o t h e r s ,  have acknowledged t h e  above problem and claimed t h a t  

t h e  method by which t h e  swirl i s  gene ra t ed ,  meaning i n i t i a l  v e l o c i t y  

d i s t r i b u t i o n ,  would a f f e c t  t h e  e v o l u t i o n  of s w i r l i n g  flows. They 

reached t h e  conc lus ion  t h a t  % w i r l  number cannot be t h e  s o l e  

u n i v e r s a l  c r i t e r i o n  of s i m i l a r i t y  f o r  s w i r l i n g  j e t s  u n l e s s  t h e  f lows  
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a r e  genera ted  by geomet r i ca l ly  similar swirl gene ra to r s . "  There 

have been some a t t empt s  i n  the  p a s t  towards t h e  s tudy  of e f f e c t s  of 

i n i t i a l  a x i a l  v e l o c i t y  d i s t r i b u t i o n s  i n  s w i r l i n g  j e t  e v o l u t i o n  

[ 3 , 4 1 ;  but t o  our knowledge, t h i s  i s  t h e  f i r s t  comprehensive 

experirnerital i n v e s t i g a t i o n  of the  e f f e c t s  of i n i t i a l  t a n g e n t i a l  

v e l o c i t y  d i s t r i b u t i o n .  

1.2 CONTROLLED EXCITATION OF A COLD TURBULENT SWIRLING FBEE JET 

Cont ro l l ed  e x c i t a t i o n  of f r e e  s h e a r  flows has been under 

e x t e n s i v e  t h e o r e t i c a l  and exper imenta l  i n v e s t i g a t i o n s  over t h e  p a s t  

decade. This  technique  has  been v a s t l y  used t o  s tudy  flow 

i n s t a b i l i t i e s ,  l a rge - sca l e  coherent s t r u c t u r e s ,  and flow con t ro l .  

Among t h e  flows mainly s t u d i e d  are axisymmetric j e t s  and boundary 

l a y e r s .  Acous t i c  d r i v e r s  as well as mechanical dev ices  and hea t  

s t r i p s  have been used as a means of e x c i t a t i o n  [SI. 

It is  a l r e a d y  understood t h a t  a c o u s t i c  e x c i t a t i o n  a t  t h e  

" r i g h t u  S t r o u h a l  number ( f  D/U) has  s i g n i f i c a n t  e f f e c t s  on mixing 

c h a r a c t e r i s t i c s  of j e t s ,  provided t h a t  t h e  e x c i t a t i o n  amplitude i s  

beyond a c e r t a i n  minimum " th resho ld  level." Acous t ic  e x c i t a t i o n  i s  

a l s o  found t o  s i g n i f i c a n t l y  in f  h e n c e  the  flow s e p a r a t i o n  over  an 

a i r f o i l  a t  some s p e c i r i c  S t r o u h a l  numbers [ 6 ,  71. 

There has not been any exper imenta l  i n v e s t i g a t i o n  of t h e  e f f e c t  

of e x c i t a t i o n  on s w i r l i n g  flows. As s w i r l i n g  flows are p r e s e n t  i n  

many pract ical  a p p l i c a t i o n s ,  t h e  e f f e c t  of c o n t r o l l e d  e x c i t a t i o n ,  i f  

any, may improve t h e  flow q u a l i t y  through dev ices  such as 
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turbomachinery and j e t  engine d i f f u s e r s ,  and over d e l t a  wings a t  

h igh  ang le s  of a t t a c k ,  etc. 

1.3 PRESENT CONTRIBUTION 

To conduct t h e  s w i r l i n g  flow e x p e r i n e n t s ,  a unique swirl 

g e n e r a t o r  was des igned ,  b u i l t ,  and inco rpora t ed  i n  an e x i s t i n g  c o l d  

j e t  f a c i l i t y  a t  NASA-Lewis Research Center. The system i s  capable  

of g e n e r a t i n g  flows a t  a wide range of swirl numbers w i t h  

c o n t r o l l a b l e  i n i t i a l  t a n g e n t i a l  v e l o c i t y  d i s t r i b u t i o n s .  D i s t i n c t l y  

d i f f e r e n t  s w i r l  v e l o c i t y  p r o f i l e s ,  ranging  from solid-body r o t a t i o n  

t o  a p r o f i l e  predominated by a f ree-vor tex  d i s t r i b u t i o n ,  w i th  

i d e n t i c a l  swirl numbers, were produced. 

A f ive -ho le  p i t o t  probe was designed and f a b r i c a t e d ;  and t h e  

necessary  i n s t r u m e n t a t i o n ,  c o n t r o l s ,  and so f tware  were developed f o r  

mean flow measurements. S i n g l e ,  cons tan t - tempera ture ,  hot-wire 

anemometers, and microphones, were used t o  t ake  l i m i t e d  tu rbu lence  

d a t a  and measure o v e r a l l  sound p r e s s u r e  l e v e l s ,  r e s p e c t i v e l y ,  a long  

t h e  j e t  c e n t e r l i n e .  

With t h e  above c a p a b i l i t y ,  t h e  e f f e c t s  of mean i n i t i a l  

t a n g e n t i a l  v e l o c i t y  d i s t r i b u t i o n  on the  e v o l u t i o n  of a f r e e  s w i r l i n g  

j e t  is expe r imen ta l ly  i n v e s t i g a t e d .  Two flows wi th  i d e n t i c a l  

i n i t i a l  s w i r l  numbers, Mach numbers, and mass flow rates but w i th  

d i f f e r e n t  i n i t i a l  s w i r l  p r o f i l e s  are compared up t o  a d i s t a n c e  of 1 2  

nozzle d iameters  downstream of t h e  nozz le  e x i t .  Major d i f f e r e n c e s  

a r e  no t i ced  i n  t h e  behavior of t hese  flows. 
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Another o b j e c t i v e  of t h e  p r e s e n t  i n v e s t i g a t i o n  i s  t o  o b t a i n  a 

b a s i c  unde r s t and ing  of t h e  response  of co ld  s w i r l i n g  t u r b u l e n t  f r e e  

je ts  t o  a c o u s t i c  e x c i t a t i o n .  To our knowledge, t h i s  is t he  f i r s t  

a t t empt  t o  s t u d y  t h e  e f f e c t  of e x c i t a t i o n  on a s w i r l i n g  je t .  As a 

f i r s t  s tep ,  a f r e e  s w i r l i n g  t u r b u l e n t  j e t  wi th  a swirl number of 

0.35 is e x c i t e d  i n t e r n a l l y  by p lane  a c o u s t i c  waves; and t h e  r e s u l t s  

are compared w i t h  a similar j e t  wi thout  s w i r l .  The mass f l u x  is 

kep t  c o n s t a n t  i n  t h e  two cases. Only expe r imen ta l  r e s u l t s  a re  

p r e s e n t e d  i n  t h i s  r e p o r t ,  and f u r t h e r  s t u d i e s  are needed t o  

unders tand  t h e  mechanism of i n t e r a c t i o n .  

5 



2. LITEBATuae REVIEW 

From a l a r g e  body of expe r imen ta l  and t h e o r e t i c a l  work on t h e  

s w i r l i n g  t u r b u l e n t  f lows and aerodynamic e x c i t a t i o n  of f r e e  s h e a r  

f lows ,  only a few were s e l e c t e d  f o r  t h e  purpose of review i n  t h i s  

r epor t .  The l i t e r a tu re  review which fo l lows  is div ided  i n t o  s i x  

p a r t s  w i th  some in te rdependence  as fo l lows :  

Free s w i r l i n g  flows (exper imenta l  s t u d i e s )  

Confined s w i r l i n g  flows (exper imenta l  s t u d i e s )  

T h e o r e t i c a l  s t u d i e s  of s w i r l i n g  flows 

Vortex breakdown 

Aerodynamic e x c i t a t i o n  of f r e e  s h e a r  flows 

Measurement t echn iques  i n  s w i r l i n g  flows. 

2.1 FREE SWIRLING FLOWS (EXPERIMENTAL STUDIES) 

As might be expec ted ,  t h e  e v o l u t i o n  of a subson ic  s w i r l i n g  

t u r b u l e n t  j e t  i s s u i n g  from a nozz le  i n t o  ambient f l u i d  depends on 

t h e  method of s w i r l  gene ra t ion .  This  f a c t  was acknowledged by 

C h i g i e r  and Beer [ l ] ,  and P r a t t  and Kef fe r  [ 2 ] ,  and o t h e r s .  The 

des ign  of s w i r l  g e n e r a t o r s  i n  p r a c t i c e  today use  t h e  f o l l o w i n g  

p r i n c i p l e s  of swirl product ion:  

a )  Fixed o r  a d j u s t a b l e  vanes 

b) Ax ia l -p lus - t angen t i a l  e n t r y  s w i r l  g e n e r a t o r  

c) Spinning  , f u l l y  developed p ipe  f low 

d )  Flow through a r o t a t i n g  p e r f o r a t e d  p l a t e  

6 



References [8, 91 can be consul ted  on t h e  d e t a i l s  of va r ious  swirl 

gene ra to r  des igns  and t h e i r  cor responding  l i m i t a t i o n s  and 

e f f i c i e n c i e s .  Because of t h e  exper imenta l  n a t u r e  of t h i s  r e p o r t ,  

t h e  method of swirl g e n e r a t i o n  and the  measurement t echn iques  used  

i n  most r e f e r e n c e s  is emphasized. 

Rose [ l o ]  was the  f i r s t  t o  p re sen t  measurements i n  a f ree  

s w i r l i n g  j e t  emerging from a r o t a t i n g  p ipe  i n t o  a r e s e r v o i r  of 

mo t ion le s s  air. Because of t h e  r e l a t i v e l y  low v i s c o s i t y  of a i r ,  i t  

was p o s s i b l e  t o  g e n e r a t e  only weak swirl by t h i s  method. The p i p e  

was 100 d i ame te r s  long and was r o t a t i n g  a t  9500 rpm. Near t h e  p i p e  

d i s c h a r g e ,  t h e  flow was roughly a f u l l y  developed t u r b u l e n t  p i p e  

flow i n  s o l i d  body r o t a t i o n .  Mean v e l o c i t y  and one component of 

Reynolds normal stresses were measured us ing  a s i n g l e  hot-wire 

anemometer. Flow d i r e c t i o n  measurements were made wi th  a s p e c i a l  x- 

meter. He showed t h a t  compared t o  nonswir l ing  j e t s ,  t h e  J e t  wi th  

swirl sp reads  a t  a l a r g e r  ang le ,  e n t r a i n s  r e s e r v o i r  f l u i d  more 

r a p i d l y ,  and consequent ly  d i s p l a y s  a more r ap id  r educ t ion  of mean- 

v e l o c i t y  and growth of t u rbu lence  i n t e n s i t y .  

P r a t t  and Kef fe r  [2 ]  gene ra t ed  a s w i r l i n g  j e t ,  w i th  s w i r l  

number of 0.3, by a i r  flow through a r o t a t i n g  p ipe  similar t o  t h a t  

of Rose [ l o ] .  A pipe  47 d iame te r s  long  was r o t a t e d  a t  speeds of up 

. t o  8700 rpm. A s i n g l e  cons tan t - tempera ture  ho t -wi re  probe is used 

f o r  measurement of mean v e l o c i t y  and t u r b u l e n t  f l u c t u a t i o n s .  S t a t i c  

pressure measurements are made wi th  a s p e c i a l  d i s k  probe. The i r  

measurements show t h a t  t he  flow achieves  s e l f  s i m i l a r i t y  for t h e  
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nean v e l o c i t i e s  r a t h e r  qu ick ly ,  whi le  t h e  normal tu rbu lence  

i n t e n s i t i e s  reach  a s e l f - s i m i l a r  s tate a f t e r  a longer  pe r iod  of j e t  

development. They a l s o  conclude t h a t  t he  method by which swirl is  

genera ted  would have an i n f l u e n c e  upon t h e  flow, and t h e  r e g i o n  

inmed ia t e ly  downstream from t h e  nozz le  e x i t  would be p a r t i c u l a r l y  

s e n s i t i v e .  They claim t h a t  only f o r  geomet r i ca l ly  similar s w i r l  

g e n e r a t o r s ,  as w e l l  as comparable average swirl numbers, would a 

h igh  degree  of equiva lence  be expected throughout t h e  e n t i r e  f low 

f i e l d .  

P r a t t  and Kef fe r  also extended t h e i r  s tudy  t o  a p a i r  of s w i r l i n g  

j e t s  having o p p o s i t e  r o t a t i o n  [ill. The double s w i r l i n g  j e t  ras 

produced by d i s c h a r g i n g  a i r  through a p a i r  of r o t a t i n g  p i p e s  similar 

t o  Reference [ 2 ] .  mean flow and tu rbu lence  i n t e n s i t i e s  were 

measured by m u l t i - o r i e n t a t i o n  of a s i n g l e ,  normal cons t an t -  

t empera ture  hot  wire. This  r equ i r ed  t h a t  f o r  every d a t a  p o i n t ,  t h e  

wire be p o s i t i o n e d  i n  t h r e e  mutually or thogonal  planes.  It was 

concluded t h a t  t h e  t a n g e n t i a l  component of t h e  mean v e l o c i t y  decayed 

r a p i d l y  i n  t h e  streamwise d i r e c t i o n .  A t  a downstream s t a t i o n  of 

about 35 nozz le  d i ame te r s ,  t he  r e s u l t a n t  flow of t h e  p a i r  of 

s w i r l i n g  j e t s  had most of t h e  c h a r a c t e r i s t i c s  of a s i n g l e  f r e e  j e t  

wi thou t  s w i r  1. 

A similar i d e a  was a l s o  addressed  by Ch ig ie r  and Beer [ l] .  

C h i g i e r  and Chervinsky (12,  131 have performed t h e o r e t i c a l  and 

exper imenta l  s t u d i e s  of t u r b u l e n t  s w i r l i n g  je ts  i s s u i n g  from a round 

o r i f i c e .  They used boundary l a y e r  approximations and assumptions of 

s i n i l a r  p r o f i l e s  t o  i n t e g r a t e  t h e  equa t ions  of no t ion  f o r  
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i ncompress ib l e  t u r b u l e n t  flows. Swi r l  was gene ra t ed  by an a x i a l -  

p l u s - t a n g e n t i a l  e n t r y  s w i r l  g e n e r a t o r ,  and mean flow d a t a  were t a k e n  

by means of a f ive -ho le  s p h e r i c a l  impact tube. The similari ty 

assumption was expe r imen ta l ly  demonstrated t o  hold i n  a s w i r l i n g  

j e t ,  f o r  weak and moderate swirls (S < 0 .4 ) ,  f o r  x/D > 4. For 

s t r o n g l y  s w i r l i n g  f lows ,  where t h e  m a n  axial  v e l o c i t y  d i s t r i b u t i o n  

shows a c e n t r a l  t rough,  o r  what i s  a l s o  known as a double  hump 

p r o f i l e ,  t h e  s i m i l a r i t y  was not observed u n t i l  10 d iameters .  For 

x/D > 10, t h e  l o c a t i o n  of t h e  maximum mean a x i a l  v e l o c i t y  s h i f t e d  

back t o  t h e  j e t  c e n t e r l i n e ,  from which p o i n t  t h e  s i m i l a r i t y  was 

observed. The measured mean a x i a l  v e l o c i t y  and s t a t i c  p r e s s u r e  

p r o f i l e s  were d e s c r i b e d  by Guassian e r r o r  curves and t h e  mean 

t a n g e n t i a l  v e l o c i t y  p r o f i l e  was expressed  i n  terms of t h i r d - o r d e r  

polynomials.  The e n p i r i c a l  c o n s t a n t s  i n  t h e  d a t a - f i t  e x p r e s s i o n s  of 

C h i g i e r  and Chervinsky are f u n c t i o n s  of t h e  degree  of swirl i n  t h e  

j e t  d e f i n e d  as 

G W /Umo ( 4 )  mo 

t h e  r a t i o  of maximuta mean t a n g e n t i a l - t o - a x i a l  v e l o c i t y  a t  t h e  nozz le  

exi t .  

Kerr and F r a s e r  [141 have s t u d i e d  s w i r l i n g  j e t s  gene ra t ed  by 

vane swirlers i n  a b o i l e r  fu rnace  and i n  a model bu rne r ,  

r e s p e c t i v e l y .  A probe made t o  t h e  des ign  of H i e t t  and Powell [ 1 5 1  

was used t o  measure mean v e l o c i t y  magnitude and d i r e c t i o n .  The i r  

sys tem allowed d i r e c t  measurement of nozz le  torque  and j e t  r e a c t i o n  

t h r u s t .  They found t h a t  t h e  angu la r  nomentum was conserved a l o n g  
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t h e  l eng th  of t h e  j e t  up t o  about 19 nozz le  d iameters  and was equa l  

t o  the  measured torque .  By d imens iona l  a n a l y s i s  they found t h a t  t h e  

en t ra inment  rate was a f u n c t i o n  of a d imens ionless  group 

( t o r q u e / [ t h r u s t  x nozz le  d i a m e t e r ] )  which is c a l l e d  t h e  swirl 

number. By assuming e r r o r  curves t o  f i t  a x i a l  v e l o c i t y  p r o f i l e s ,  

and ha l f  v e l o c i t y  r a d i u s  t o  vary l i n e a r l y  wi th  a x i a l  d i s t a n c e ,  

r e l a t i o n s h i p s  g i v i n g  decay of axial  v e l o c i t y  and j e t  ha l f  ang le  

ve r sus  swirl number are obtained. 

Design aspects of annu la r  and hub les s  vane swirlers is  s t u d i e d  

by Mathur and tiacCallum 1161. They claim t ha t  t a n +  alone may be 

t a k e n  as a measure of t h e  degree of swirl f o r  j e t s  i s s u i n g  from vane 

swirlers ( f o r  h u b l e s s  swirlers S = 2/3 t a n 4  where 4 is t h e  vane 

a n g l e  i n  degrees) .  They no t i ced  t h a t  f o r  vane ang le s  of 45 degrees  

and h i g h e r ,  t h e  sub-atmospheric p r e s s u r e  i n  t h e  c e n t r a l  zone of t h e  

j e t  near  t h e  nozz le  is s t r o n g  enough t o  induce r e c i r c u l a t i o n .  

S t a t i c  p r e s s u r e s  were measured wi th  a d isk- type  probe t o  t h e  des ign  

of Miller and Comings [171. 

Measurements of stress t e n s o r  components i n  f r e e  i so the rma l  

s w i r l i n g  j e t s  have been made by some r e s e a r c h e r s  118-211. E l s n e r  

and Drobniak [18] concen t r a t ed  on flows a t  low s w i r l  numbers where 

no r e c i r c u l a t i o n  could e x i s t .  They conclude t h a t  t he  greater t h e  

s w i r l  number, t h e  h ighe r  is t h e  o v e r a l l  l e v e l  of t u rbu lence  

f l u c t u a t i o n s  a t  t h e  nozz le  e x i t ,  and t h e  more i n t e n s e  i s  t h e i r  decay 

f u r t h e r  downstream. Their r e s u l t s  i n d i c a t e  t h a t  t he  presence  of 

s w i r l  not only a f f e c t s  t h e  mean e v o l u t i o n  but a l s o  modi f ies  t h e  
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t u rbu lence  s t r u c t u r e  of t h e  s w i r l i n g  je t .  It i s  concluded by then  

t h a t  t h e  average  s i z e  of l a r g e s t  edd ie s  is g r e a t e r  i n  t h e  presence  

of swirl but t h e  d i f f e r e n c e  dec reases  as t h e  measuring s t a t i o n  i s  

moved f u r t h e r  downstream. It i s  a l s o  no t i ced  t h a t  t h e  i n f l u e n c e  of 

s w i r l  upon t h e  t u r b u l e n t  microsca le  depends on t h e  p o s i t i o n  of t h e  

c o n t r o l  plane.  I n  t h e  nea r  f i e l d ,  t h e  average s i z e  of t h e  smallest 

e d d i e s  dec reases  f o r  h ighe r  s w i r l  i n t e n s i t i e s  whi le  i n  t h e  

downstream reg ion  t h i s  i n f l u e n c e  becomes q u i t e  oppos i te .  I n  

g e n e r a l ,  they concluded t h a t  t h e  presence of swirl i n t e n s i f i e s  t h e  

energy t r a n s f e r  process  i n  t h e  nea r - f i e ld  of t h e  j e t  whi le  i n  t h e  

f a r - f i e l d  r eg ion  t h i s  i n f  h e n c e  becomes q u i t e  oppos i te .  

Syred e t  al .  [19] used s ingle-wire ,  s i x - o r i e n t a t i o n ,  hot-wire 

technique  t o  measure mean v e l o c i t y  and a l l  t u r b u l e n t  stress t e n s o r  

components i n  a very s t r o n g l y  s w i r l i n g  f r e e  i so the rma l  j e t  and from 

t h e s e  va lues  de r ived  e f f e c t i v e  v i s c o s i t y  d i s t r i b u t i o n s .  These 

d i s t r i b u t i o n s  show s i g n i f i c a n t  r a d i a l  v a r i a t i o n s  and c o n s i d e r a b l e  

a n i s o t r o p y  of turbulence .  Local t u rbu lence  i n t e n s i t i e s  are found to 

be ex t remely  h igh  i n  and nea r  t h e  c e n t r a l  r e c i r c u l a t i o n  zone. 

Ne i the r  upstream nor downstream s t a g n a t i o n  p o i n t s  could be found by 

t h i s  method. 

One of t h e  l a tes t  measurements of mean v e l o c i t y  and t u r b u l e n t  

i n t e n s i t i e s  i n  a f r e e  i s o t h e r m a l  s w i r l i n g  j e t  is made by S i s l i a n  and 

Cusworth [20]. S t rong  s w i r l i n g  motion, a t  a s w i r l  number of 0.79, 

was imparted t o  t h e  a x i a l  f law by f i x e d ,  f l a t ,  guide vanes p laced  a t  

t h e  nozz le  exit .  Three mean v e l o c i t y  and s i x  t u r b u l e n t  stress 
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t e n s o r  conponents were measured us ing  laser Doppler velocimetry.  

The l o c a t i o n  and e x t e n t  of t he  r e c i r c u l a t i o n  reg ion  i s  

e s t a b l i s h e d .  They no t i ced  t h a t  i n s i d e  t h e  r e c i r c u l a t i o n  zone, t he  

f l u i d  r o t a t e s  as a r i g l d  body. The normal Reynolds stress r e s u l t s  

showed s u b s t a n t i a l  d e v i a t i o n s  from iso t ropy .  These stresses are 

s i g n i f i c a n t l y  l a r g e r  t han  t h e  Reynolds s h e a r  stresses, which c l e a r l y  

shows t h e  need t o  cons ide r  the  t h r e e  normal stresses i n  any 

t J rhu lence  models of such flows. The d i s t r i b u t i o n s  of a l l  Reynolds 

stresses e x h i b i t  double peaks. These peaks are produced i n  r eg ions  

with high g r a d i e n t s  of mean v e l o c i t y ,  i.e. near  the edge of 

r e c i r c u l a t i o n  zone a n d  a t  t he  edge of t he  j e t  flow boundary ( s h e a r )  

l aye r .  

Measured va lues  of mean v e l o c i t y ,  a l l  stress t e n s o r  components, 

and p r o b a b i l i t y  d e n s i t y  d i s t r i b u t i o n s  of f l u c t u a t i n g  v e l o c i t y  are  

r epor t ed  f o r  i so the rma l  t u r b u l e n t  c o a x i a l  j e t s ,  wi th  and wi thout  

swirl, by R i b e i r o  and Whitelaw [ 2 1 ] .  R e  j e t s  were emerging i n t o  

s t a g n a n t  sur roundings  from a long  p ipe  and an annulus  c o n c e n t r i c  

with t h e  pipe.  Swi r l  could be in t roduced  i n t o  t h e  annu la r  f low by 

t a n g e n t i a l  a i r  s l o t s .  Measurements Mere made wi th  a c ros sed  hot- 

wire probe. Since  p r a c t i c a l  l i m i t a t i o n s  of hot-wire anemometry 

imply t h a t  the  probe a x i s  m s t  co inc ide  w i t h  t h e  w a n  flow d i r e c t i o n  

~f a reasonable  l e v e l  of accuracy is  t o  be achieved,  t h e  d i r e c t i o n  

of tne flow was determined us ing  a 45'' s l a n t i n g  senso r  hoc-wire 

prior co caking iaeasilrernents. Thei r  results show t h a t  t h e  

l ionswir i ing c o a x i a i  r'iow coi i i igurac ions  approach a s e l f - s i m i l a r  
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s ta te  i n  a m c h  s m a l l e r  d i s t a n c e  than  t h a t  of t h e  round jet .  T n i s  

i s  due t o  the  mixing layer  and v o r t e x  shedding t h a t  occur  i n  t h e  

r e g i o n  downstream of t h e  s e p a r a t i o n  w a l l  between t h e  two streams. 

I n  t h e  presence  of s w i r l ,  t h e  c o a x i a l  j e t  i s  found t o  develop a t  a 

f a s t e r  rate. They concluded t h a t  t h e  i n t r o d u c t i o n  of svJirl was 

r e s p o n s i b l e  f o r  a c o n s i d e r a b l e  i n c r e a s e  i n  t h e  j e t  mixing, and t h e  

p r o c e s s  appeared t o  be d i c t a t e d  i n i t i a l l y  by t h e  c e n t r i f u g a l  forces 

and g r a d u a l l y  t aken  over by t h e  i n c r e a s e d  t u r b u l e n t  mixing. 

Measurements of t h e  f r e e  s w i r l i n g  f l o w s  wi th  conbus t ion  was 

f i r s t  t aken  by aeans  of water-cooled u u l t i h o l e  2 i t o t  probes.  

C h i g i e r  and Chervinsky [ 2 2 ]  used a f ive -ho le  hemisphe r i ca l  water- 

cooled p i t o t  probe f o r  s t u d y i n g  a t u r b u l e n t  burn ing  f r e e  j e t .  The 

swirling j e t  was gene ra t ed  by an a x l a l  -p lus - t angen t i a l  e n t r y  s w i r l  

g e n e r a t o r  i d e n t i c a l  t o  t h e  one used i n  References [121 and [131. 

Flames were s t a b i l i z e d  a t  about f o u r  d iameters  downstream from t h e  

bu rne r  e x i t ,  i n  t h e  shape of an annu la r  r i n g ,  and were unconf ined  

f o r  a d i s t a n c e  of 24 diameters .  The measureiaents made i n  thLs 

r e g i o n ,  f o r  t h r e e  d i f f e r e n t  swirl numbers, show t h a t  t h e  decay of  

a x i a l  and swirl v e l o c i t i e s  is slower i n  a flame than  i n  co ld  

s w i r l i n g  jets. The normalized mean t a n g e n t i a l  v e l o c i t y  p r o f i l e s  a re  

i n  t h e  form of a Rankine-type v o r t e x  and can be d e s c r i b e d  by a 

t h i r d - o r d e r  polynomial. The normalized a x i a l  v e l o c i t y  p r o f i l e s  have 

a similar form which can be shown i n  t h e  form of e r r o r  curves.  The 

maximum tempera tu re  i s  found t o  be i n  the  main r e a c t i o n  zone and not 

on t h e  j e t  a x i s .  
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Many problems encountered  i n  t h e  use of water-cooled p r e s s u r e  

probes and hot-wire anemometry f o r  measurements i n  complex t u r b u l e n t  

s w i r l i n g  flows wi th  combustion and flame are overcome by t h e  advent 

of l i n e a r ,  n o n i n t r u s i v e  t echn ique  of l a s e r  Doppler ve loc imet ry  (LDV) 

[23-251. C h i g i e r  and Dvorak [231 made an  exper imenta l  s tudy  of 

unconfined t u r b u l e n t  s w i r l i n g  j e t s  under flame and no-flame 

cond i t ions .  Swi r l  i s  gene ra t ed  by pass ing  a i r  through f o u r  

t a n g e n t i a l  s l o t s .  Axia l  and c i r c u m f e r e n t i a l  components of t h e  mean 

v e l o c i t y  as well as t h r e e  normal t u r b u l e n t  stresses are measured, 

u s i n g  a laser anemometer w i t h  frequency s h i f t .  S u b s t a n t i a l  changes 

i n  flow p a t t e r n s  are d e t e c t e d  as a consequence of combustion by 

d i r e c t  comparison of v e l o c i t y  p r o f i l e s  under flame and no-flame 

cond i t ions .  The k i n e t i c  energy of t u rbu lence  p e r  u n i t  mass under 

flame c o n d i t i o n s  i s  h i g h e r  t han  t h e  cor responding  co ld  c o n d i t i o n s  i n  

almost a l l  r eg ions  of t h e  flame. 

F u j i i  e t  al. 1241 were t h e  f i r s t  t o  measure t h r e e  mean v e l o c i t y  

and a l l  t h e  s i x  stress conponents i n  an  unconfined s w i r l i n g  j e t  

under i so the rma l  and combusting c o n d i t i o n s  us ing  laser Doppler 

velocimetry.  

a row of a d j u s t a b l e  vanes. 

was recognized as a r e s u l t  of combustion. 

Swi r l  was gene ra t ed  by pass ing  compressed a i r  through 

A d r a s t i c  a l t e r a t i o n  of mean p r o f i l e s  

Rad ia l  and t a n g e n t i a l  components of mean v e l o c i t y  are of t h e  

sane o rde r  of magnitude o u t s i d e  of t h e  ho t  bubble, which i np l i e s  

t h a t  t h e  outward movement of t h e  r e a c t i n g  flow is predominant. The 

v i r t u a l  o r i g i n  moved upstream when combustion commenced, i n d i c a t i n g  
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lesser spread  of a x i a l  v e l o c i t y  i n  t h e  r e a c t i n g  flow. Turbulence 

l e v e l s  are i n c r e a s e d  as a consequence of combustion, and the  r e g i o n  

of a n i s o t r o p y  of t u rbu lence  i s  s i g n i f i c a n t .  

Claypole and Syred [251 p r e s e n t  some d e t a i l e d  r e s u l t s  i n c l u d i n g  

v e l o c i t i e s  (measured by laser Doppler anenonet ry) ,  t empera ture ,  and 

s p e c i e s  c o n c e n t r a t i o n  i n  s w i r l i n g  j e t s  wi th  and wi thout  combustion 

and conpare t h e  aerodynamics of t h e s e  flows. Swi r l  i s  induced by 

pass ing  a i r  through e i g h t  t a n g e n t i a l  s l o t s .  Thei r  i s o t h e r m a l  

r e s u l t s  are similar t o  o t h e r  r e s e a r c h e r s '  [ l ] ;  but  once t h e  

combustion is e s t a b l i s h e d  i n  t h e  r e c i r c u l a t i o n  zone, t h e r e  appears 

t o  be l i t t l e  c o r r e l a t i o n  between i so the rma l  flow and flow wi th  

combustion. Although t h e  r e c i r c u l a t i o n  zone is l a r g e r  w i th  

combustion, t h e  r e c i r c u l a t e d  mass flow is f a r  lower (8% as opposed 

t o  30%), because t h e  e l e v a t e d  tempera tures  produce c o n s i d e r a b l e  

r e d u c t i o n  i n  d e n s i t y .  The r e c i r c u l a t i o n  zone i s  s h o r t e r  and wider 

i n  the  r e a c t i n g  flow than  i n  t h e  i so the rma l  s t a t e .  They a l s o  found 

ou t  t h a t  t h e  e f f e c t s  of combustion on t h e  flow i n c r e a s e s  w i t h  s w i r l  

s t r e n g t h .  Advances i n  a l l  a s p e c t s  of s w i r l i n g  flows wi th  and 

wi thou t  combustion are e x t e n s i v e l y  reviewed i n  References (261 and 

[ 2 7 ] .  

2.2 CONFINED SWIRLING FLOWS (EXPERIMENTAL STUDIES) 

The phenomenon of s w i r l i n g  flow i n  round and annu la r  t ubes  has  

been e x t e n s i v e l y  s t u d i e d  i n  t h e  p a s t  by a number of r e sea rche r s .  

One of t h e  i n i t i a l  i n t e r e s t s  was t h e  s tudy  of energy s e p a r a t i o n  
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e f f e c t  of vo r t ex  f loN ob ta ined  i n  t h e  so-ca l led  vo r t ex  tube (Kanque- 

Hi l sch  tube) .  

1931 and in t roduced  i n t o  the  United S t a t e s  i n  1945 [281. It was a 

simple device  in which a p a r t i c u l a r  type  of vo r t ex  motion could be 

s tud ied .  Afterwards,  wi th  inc reased  p r a c t i c a l  a p p l i c a t i o n s ,  

confined s w i r l i n g  f lows were i n v e s t i g a t e d  in d i f f e r e n t  

conf igu ra t ions .  The s t u d i e s  of confined s w i r l i n g  f lows may be 

a r b i t r a r i l y  d iv ided  i n t o  two c l a s s i f i c a t i o n s  [29]:  

This dev ice  w a s  f i r s t  pa t en ted  by George Ranqus i n  

1. S w i r l i n g  f lows in large length-to-diameter r a t i o  tubes  

where c i r c u m f e r e n t i a l  w a l l  e f fec ts  i n t e r a c t  s t r o n g l y  w i t h  

t h e  s w i r l i n g  f l o w ;  and 

2. Swi r l ing  f lows iii s h o r t ,  l a rge -d iane te r  chambers where 

snd-wall e f f e c t s  i n t e r a c t  wi th  t h e  s w i r l i n g  flow t o  

produce s t r o n g  secondary r eve r se  flow (e.g. combustion).  

The works r epor t ed  in References I29-321 f a l l  i n t o  t h e  f i r s t  

ca tegory .  The phenomenon of s w i r l i n g  incompress ib le  flow (water )  

through a tube has  been s t u d i e d  by King e t  a l .  1291. Swi r l  i s  

i n t roduced  by i n j e c t i o n  of t h e  t o t a l  f l u i d  stream through two 

symmetric t a n g e n t i a l  I n l e t s .  Separa te  s t a t i c  and s t a g n a t i o n  probes  

which could be o r i e n t e d  i n t o  a x i a l - t a n g e n t i a l  r e s u l t a n t  f low v e c t o r  

were designed ( t h i s  was based on t h e  assumption t h a t  t h e  t ine  

averaged r a d i a l  v e l o c i t y  component was less than 1% of t h e  a x i a l  and 

t a n g e n t i a l  v e l o c i t i e s .  Dimensionless s t a t i c  p r e s s u r e ,  a x i a l  

v e l o c i t y ,  and t a n g e n t i a l  v e l o c i t y  p r o f i l e s  are obta ined  a t  d i f f e r e n t  

s t a t i o n s  along the  pipe.  The i n i t i a l  fo rced  v o r t e x  decayed i n t o  a 
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free v o r t e x  f u r t h e r  downstream, whi le  t h e  t o t a l  v o r t i c i t y  was 

decreased  by f r i c t i o n .  A r eg ion  of r e v e r s e  a x i a l  f low is  noted  i n  

t h e  c e n t e r  of t h e  tube ,  t h e  r a d i u s  of which dec reases  w i t h  

i n c r e a s i n g  downstream d i s t a n c e  t o  zero.  The t u r b u l e n t  Navier-Stokes 

e q u a t i o n s  are s i m p l i f i e d  t o  some e x t e n t  by an  o r d e r  of magnitude 

a n a l y s i s  u s ing  t h e  p r o f i l e s  developed i n  t h i s  study. Even though 

t h e  s i m p l i f i e d  set  is s t i l l  inde te rmina te  due t o  t h e  presence  of 

s h e a r  stress terms. 

I n  t h e  i n v e s t i g a t i o n  of Yajnik and Subbaiah [301, t h e  e f f e c t s  

of v a r i a b l e  i n i t i a l  s w i r l  on t u r b u l e n t  p i p e  flow a r e  examined. The 

i n i t i a l  s w i r l  produced by a d j u s t a b l e  guide vanes is small and 

amounts t o  a swirl number of less than  0.16; consequent ly ,  f l ow 

r e v e r s a l  does not t ake  place. Turbulence f i e l d  i s  not s t u d i e d ,  and 

mean flow measurements are made wi th  conven t iona l  f i ve -ho le  c o n i c a l -  

head and two-dimensional th ree- tube  probes. The s k i n  f r i c t i o n  a t  

t h e  p i p e  w a l l  is  found t o  obey t h e  l o g a r i t h m i c  s k i n - f r i c t i o n  l a w  

whose a d d i t i v e  c o e f f i c i e n t  depends on s w i r l  ang le .  

Weske and Sturov  [311 examined t h e  decay of s w i r l  and 

t u r b u l e n c e  f i e l d  i n  p ipe  flow. S w i r l  is gene ra t ed  by r o t a t i n g  p a r t  

of t h e  p i p e  a t  3000 rpm, g e n e r a t i n g  solid-body r o t a t i o n .  The t h r e e  

components of mean v e l o c i t y  and s i x  components of t h e  Reynolds 

stress t e n s o r  are measured by h o t - w i r e  anemometry. The swirl number 

i n v e s t i g a t e d  is s u b s t a n t i a l l y  larger than  those  s t u d i e d  by Yajnik 

and Subbaiah [301 and ranges  from 0 t o  3; consequent ly ,  f low 

s i m i l a r i t y  i s  not found. The tu rbu lence  f i e l d  is found t o  decay 

q u i c k l y ;  however, i t s  decay i s  a s t r o n g  f u n c t i o n  of swirl  number- 
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Sukhovich [321 performed an exper imenta l  i n v e s t i g a t i o n  i n  a 

thermal ly  i n s u l a t e d  tube  having  a length-to-diameter r a t i o  of 41. A 

stream of a i r  was s u p p l i e d  t o  t h e  working zone by a nozzle l o c a t e d  

a t  t h e  end of t h e  tube ,  and t h e  secondary s w i r l i n g  flow was admi t t ed  

i n t o  t h e  tube through an  annu la r  gap formed by the  o u t e r  s u r f a c e  of 

t h e  nozz le  and t h e  i n n e r  s u r f a c e  of t h e  working tube. S t a t i c  

p r e s s u r e ,  as w e l l  as t h e  ax ia l  and t a n g e n t i a l  components of t he  mean 

v e l o c i t y ,  is determined from readings  of a s p e c i a l  p r e c a l i b r a t e d  

c y l i n d r i c a l  probe. The d i s t r i b u t i o n  of t h e  c o e f f i c i e n t s  of 

t u r b u l e n t  heat and momentum t r a n s p o r t  i n  t h i s  conf ined  s w i r l i n g  f low 

i s  determined from measurements of t h e  time-averaged v e l o c i t y ,  

s t a t i c  p r e s s u r e ,  and tempera ture .  The c a l c u l a t i o n s  show t h a t  a x i a l  

and t a n g e n t i a l  components of f r i c t i o n  stresses are a n i s o t r o p i c  and 

t h e  c o e f f i c i e n t s  of t u r b u l e n t  t r a n s p o r t  depend on t h e  c o o r d i n a t e s  

and parameters  d e s c r i b i n g  t h e  swirl number. A t  h i g h e r  g r a d i e n t s  of 

angu la r  v e l o c i t y ,  t h e  t r a n s p o r t  c o e f f i c i e n t  f o r  t a n g e n t i a l  component 

of momentum is lower than  t h e  t r a n s p o r t  c o e f f i c i e n t  f o r  a x i a l  

component of momentumr 

Now some s t u d i e s  r e l a t e d  t o  t h e  second ca tegory  of conf ined  

s w i r l i n g  flows are reviewed. 

c h a r a c t e r i s t i c s  of a s w i r l i n g  j e t  i n  a model of squa re  c r o s s  

s e c t i o n .  They used an i so the rma l -a i r  node1 t o  o b t a i n  time-mean 

v e l o c i t y  p r o f i l e s  w i t h  a f ive-hole  p i t o t  probe and a water model t o  

o b t a i n  q u a l i t a t i v e  da ta .  They found t h a t  t he  i n i t i a l  rates of 

s p r e a d  of conf ined  s w i r l i n g  jets is more rap id  than  t h a t  of f r e e  

Mathur and MacCallum I331 s t u d i e d  t h e  
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s w i r l i n g  j e t s ;  a l s o ,  t h a t  t h e  c e n t r a l  t o r o i d a l  r e c i r c u l a t i o n  zone is  

much s t r o n g e r  i n  conf ined  j e t s  than  i n  f r e e  j e t s .  

Ex tens ive  experiment a1 and nume t i c a l  s t u d i e s  have been 

performed a t  Oklahoma S t a t e  U n i v e r s i t y  on confined s w i r l i n g  f lows  

134-431. Throughout t h e  e n t i r e  r e sea rch  p r o j e c t  an annu la r  

a d j u s t a b l e  vane swirler having 10 b lades  wi th  a hub-to-tip d i ame te r  

r a t i o  of 0.25 w a s  used. The vanes were wedge shaped t o  g i v e  a 

c o n s t a n t  pitch-to-chord r a t i o  of 0 . 6 8 .  Vane ang le  could be a d j u s t e d  

between z e r o  and 70 degrees.  

The performance of t h e  vane swirler was i n v e s t i g a t e d  by Sander 

and L i l l e y  [ 3 4 ] .  They show t h a t  t h e  assumption of f l a t  a x i a l  

p r o f i l e  w i th  z e r o  r a d i a l  v e l o c i t y  becomes p r o g r e s s i v e l y  less 

r e a l i s t i c  as t h e  swirler b lade  ang le  i n c r e a s e s .  A t  s t r o n g  s w i r l ,  

t h e  c e n t r a l  r e c i r c u l a t i o n  zone ex tends  even upstream of t h e  e x i t  

p l ane ,  almost t o  t h e  swirler vanes. Nonaxisymmetry was found i n  a l l  

s w i r l  cases i n v e s t i g a t e d .  

Five-hole p i t o t  probes were used t o  measure mean v e l o c i t y  

components and s t a t i c  and t o t a l  p r e s s u r e s  i n  some of t h e s e  s t u d i e s  

[ 3 4 - 3 6 1 .  Mode et al. [ 3 5 ]  measured the  time-mean v e l o c i t y  

components u s ing  a f ive -ho le  p i t o t  probe. They i n v e s t i g a t e d  t h e  

e f f e c t s  of s i d e w a l l  expansion ang le  and s w i r l  number on t h e  t i m e -  

mean flow f i e l d .  The e f f e c t  of s i d e w a l l  expansion ang le  i s  found t o  

be n e g l i g i b l e  f o r  t h e  c e n t r a l  r e c i r c u l a t i o n  zone. The e f f e c t  of 

swirl number i s  t o  s h o r t e n  t h e  l e n g t h  of c e n t r a l  r e c i r c u l a t i o n  zone 

and t o  g e n e r a t e  t h e  c e n t r a l  t o r o i d a l  r e c i r c u l a t i o n  zone, t h e  l e n g t h  
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of which is found t o  i n c r e a s e  f o r  i n c r e a s i n g  s w i r l  number. T h e i r  

s tudy  only inc luded  weak and moderate swirl s t r e n g t h s .  This work is 

extended by Yoon and L i l l e y  [36] t o  inc lude  h igher  swirl s t r e n g t h s  

and t o  s tudy  t h e  e f f e c t  of d i f f e r e n t  c o n t r a c t i o n  nozz les  placed a t  

v a r i o u s  a x i a l  l o c a t i o n s  i n  t h e  tes t  chamber. They found t h a t  a 

s t r o n g  c o n t r a c t i o n  nozz le  of area r a t i o  4 g r e a t l y  a f f e c t s  t h e  s i z e  

and shape of t h e  c e n t r a l  t o r o i d a l  r e c i r c u l a t i o n  zone. 

Turbulence measurements have been made by s i x - o r i e n t a t i o n  hot -  

wire technique [37-391, crossed  wire [40], and t r i p l e  hot-wire 

[41]. Janjua et  al. [ 3 7 ]  made measurements i n  an isothermal  

nonswir l ing ,  and i n  weakly s w i r l i n g ,  confined je t s  u s i n g  t h e  above 

techniques.  The measurements were used t o  c a l c u l a t e  t h e  t ine  mean 

v e l o c i t y  components of normal and s h e a r  t u r b u l e n t  stresses. The 

s w i r l i n g  j e t  r e s u l t s  presented  were q u i t e  l i m i t e d  but d i d  show t h a t  

around reg ions  of r e c i r c u l a t i o n  l a r g e  va lues  of tu rbulence  i n t e n s i t y  

and s h e a r  e x i s t e d  even f o r  moderate swirl. They a l s o  performed a n  

u n c e r t a i n t y  a n a l y s i s  on t h e  hot-wire technique. This  involved 

changing c e r t a i n  i n p u t  p a r a n e t e r s  t o  t h e  d a t a  r e d u c t i o n  and 

de termining  t h e  percentage  change i n  output  parameters.  The most 

i n a c c u r a t e  term i s  found t o  be G. 

Jackson and L i l l e y  [38] extended the  d a t a  base given i n  

Reference [37] t o  h i g h e r  swirl  numbers and more a x i a l  measurement 

s t a t i o n s .  E f f e c t s  of a s t r o n g  c o n t r a c t i o n  nozzle  of a r e a  r a t i o  4 

were a l s o  included.  Throughout t h e  flow f i e l d ,  t h e  most dramat ic  

e f f e c t  of swirl was t o  i n c r e a s e  values  of t h r e e  t u r b u l e n t  s h e a r  
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stress terms. Turbulence l e v e l s  and s h e a r  stresses were found t o  

i n c r e a s e  a long  t h e  j e t  c e n t e r l i n e  nea r  t h e  e x i t  of t h e  c o n t r a c t i o n  

nozzle.  F i n a l l y ,  t h e  accuracy  and d i r e c t i o n a l  s e n s i t i v i t y  of t h e  

s i n g l e  wire t echn ique  was s t u d i e d  by Jackson and L i l l e y  [391. The 

v a r i a t i o n  of i npu t  parameters  and t h e i r  e f f e c t  on t h e  ou tpu t  d a t a  

has  shown t h a t  t h e  l eas t  a c c u r a t e  ou tpu t  q u a n t i t i e s  are t h e  s h e a r  

stresses, i n  p a r t i c u l a r  t h e  xB component. The d i r e c t i o n a l  

s e n s i t i v i t y  a n a l y s i s  has  shown t h a t  t h e  technique  adequa te ly  

measures t h e  p r o p e r t i e s  of a flow f i e l d  independent of t h e  doninant  

flow d i r e c t i o n  except  when t h e  flow i s  predominantly i n  t h e  

d i r e c t i o n  of t h e  probe holder .  

McKillop and L i l l e y  [ 4 0 ]  made neasu renen t s  of time m a n  

t u r b u l e n c e  q u a n t i t i e s  i n  a complex axisymmetric n o n r e a c t i n g ,  

nonswi r l ing ,  conf ined  flow f i e l d  us ing  a c rossed  hot-wire 

anemometer. T h e i r  measurements i n d i c a t e d  t h a t  t h e  c ros sed  h o t  wire 

used could  not handle  a x i a l  flow r e v e r s a l  (wi thout  p r i o r  knowledge 

and probe r e - o r i e n t a t i o n ) ,  and the expe r imen ta l  t echnique  w a s  

i nadequa te  f o r  t h e  measurement of time-mean v e l o c i t y .  N e v e r t h e l e s s ,  

t h e  c ros sed  hot-wire t echn ique  gave more accurate r e s u l t s  f o r  t h e  

t u r b u l e n t  s h e a r  stress,  and thus  t u r b u l e n t  v i s c o s i t y ,  t han  t h e  

m u l t i - o r i e n t a t i o n  s ing le -wi re  technique .  

Turbulence measurements i n  a s w i r l i n g  conf ined  j e t  flow f i e l d  

u s i n g  a t r i p l e  hot-wire probe have been performed by J a n j u a  and 

McLaughlin [ 4 1 ] .  The probe was ope ra t ed  by t h r e e  s e p a r a t e  but 

c l o s e l y  matched cons tan t - tempera ture  anemometers. They n o t i c e d  t h a t  
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t h e  m a n  v e l o c i t i e s  measured by t h e  t r i p l e - w i r e  probe were i n  good 

agreement wi th  f ive -ho le  probe r e s u l t s ,  and t h a t  t he  t u r b u l e n t  

normal and shea r  e s t i m a t e s  ob ta ined  were i n  g e n e r a l  agreement wi th  

the  cor responding  measurements performed wi th  t h e  s i x - o r i e n t a t i o n ,  

s i n g l e - h o t - w i r e  technique. The above a c t i v i t i e s  p l u s  some numer ica l  

t echn iques  and a computer code development f o r  s w i r l i n g  t u r b u l e n t  

r e c i r c u l a t i n g  flows are reviewed i n  References [42] and [431. 

So f a r ,  t h e  s w i r l i n g  flows through c y l i n d r i c a l  d u c t s  w i t h  

c o n s t a n t  d i ame te r  have been s tud ied .  Gore and Ranz [44] have made 

an ana ly t i ca l  and experimental study of backflows in swirling fluids 

moving a x i a l l y  through expanding c r o s s  s e c t i o n s .  A motor-driven 

p e r f o r a t e d  p l a t e  gene ra t ed  s w i r l i n g  flow wi th  solid-body r o t a t i o n .  

A s i n g l e ,  cons tan t - tempera ture  h o t - w i r e  anemometer was used f o r  

v e l o c i t y  measurements. T u f t s  and smoke traces i n d i c a t e d  f low 

d i r e c t i o n s ,  and l igh t -weight  s p i n n e r s  gave va lues  of angu la r  

v e l o c i t y .  They found t h a t  backflows appear when t h e  swirl number 

exceeds some c r i t i ca l  value.  When t h e  flow was bypassed through a 

d i f f u s e r  w i th  l a r g e  a n g l e ,  s e p a r a t i o n  occurred  when no swirl was 

p r e s e n t .  A t  h igh  s w i r l  numbers, t h e  flow near  t h e  w a l l  w a s  

a c c e l e r a t e d  and s e p a r a t i o n  d isappeared .  This is what happens i n  

most l i q u i d  f u e l  bu rne r s  where primary combustion a i r  is made t o  

s w i r l  and f i l l  a n  expanding f law c r o s s  s e c t i o n .  The r e s u l t i n g  

backflow s t a b i l i z e s  combustion by r e c i r c u l a t i n g  hot gases. 
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References [ 4 5 1  and [461 d e a l  wi th  t h e  conf ined  s w i r l i n g  flows 

through annu la r  chambers. S c o t t  and Rask 1451 c a r r i e d  out t h e i r  

exper imenta l  s tudy  i n  an  open c i r c u i t  wind tunne l  designed f o r  s w i r l  

f lows. Ai r fo i l - shaped  guide vanes imparted s w i r l i n g  motion t o  t h e  

flow p r i o r  t o  the  e n t r y  i n t o  the  annu la r  tes t  s e c t i o n .  Measurements 

were made both wi th  a c y l i n d r i c a l  th ree-hole  p i t o t  probe and h o t  

f i lms .  The major c h a r a c t e r i s t i c s  noted i n  t h e  decay of t a n g e n t i a l  

v e l o c i t y  was the  change from a f r ee -vor t ex  n a t u r e  i n  t h e  i n l e t  t o  

t h a t  of a forced-vor tex  na tu re  a t  t he  o u t l e t .  Axia l  and t a n g e n t i a l  

s h e a r  stress p r o f i l e s  were computed from i n t e g r a l - d i f f e r e n t i a l  forms 

of conse rva t ion  equa t ions  us ing  t h e  measured v e l o c i t y  p r o f i l e s  i n  

t h e  i n t e g r a l s  Turbulence i n t e n s i t y  terms are not measured and are 

excluded. Axia l  and t a n g e n t i a l  d i f f u s i v i t i e s  are computed from t h e  

a p p r o p r i a t e  s h e a r  p r o f i l e s .  It t u r n s  out  t h a t  a x i a l  d i f f u s i v i t i e s  

are weakly in f luenced  by swirl. Large s p i k e s  i n  t h e  t a n g e n t i a l  

v i s c o s i t i e s  occur  i n  r eg ions  where the  c h a r a c t e r  of t h e  t a n g e n t i a l  

v e l o c i t y  p r o f i l e  is changing from f r e e  t o  fo rced  vortex.  

S c o t t  and Bar t le t t  [46] s t u d i e d  annu la r  swirl flow wi th  t h e  

i n i t i a l  swirl  p r o f i l e  of t h e  forced-vor tex  type. Swi r l  was 

genera ted  by pass ing  a i r  through a r o t a t i n g  honeycomb-like bundle of 

tubes .  Measurements a r e  made wi th  a c y l i n d r i c a l  p i t o t  tube similar 

t o  (451. The major goa l  of t h e s e  exper iments  was t o  o b t a i n  

expe r imen ta l  d a t a  on t h e  ax ia l  decay of angu la r  momentum and 

i n f e r r i n g  va lues  of e f f e c t i v e  t u r b u l e n t  t a n g e n t i a l  v i s c o s i t y .  The i r  

r e s u l t s  show a uniform a x i a l  decay of angu la r  momentun and a p r o f i l e  
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shape independent of a x i a l  l oca t ion .  The t a n g e n t i a l  p r o f i l e  shape 

and t a n g e n t i a l  v i s c o s i t y  d i s t r i b u t i o n  and magnitude do not depend on 

t h e  i n i t i a l  r a t e  of swirl. 

In order  t o  achieve  flame s t a b i l i z a t i o n  and b e t t e r  c o n t r o l  of 

mixing process ,  u u l t i p l e  c o a x i a l  s w i r l i n g  s t ream can be in t roduced  

i n t o  the  swirl conbustor.  Therefore ,  the  c h a r a c t e r i s t i c s  of 

coannular  and c o a x i a l  s w i r l i n g  flows are now reviewed. Mat t ing ly  

and Oats [ 4 7 ]  made an exper imenta l  i n v e s t i g a t i o n  of the  mixing 

c h a r a c t e r i s t i c s  of coannular  s w i r l i n g  flows. In t h i s  i n v e s t i g a t i o n ,  

s w i r l  is genera ted  by a r o w  of stationary vanes in t he  i n n e r  stream 

only,  thereby l ead ing  t o  flow cond i t ions  u n s t a b l e  in t h e  sense  of 

Rayle igh ' s  c r i t e r i o n  of s t a b i l i t y  [ 4 8 ] ;  i .e.,  f lows wi th  p o s i t i v e  

r a d i a l  angu la r  monentum g r a d i e n t s  a r e  s t a b l e ,  whi le  flows w i t h  

nega t ive  g r a d i e n t s  are uns tab le .  The s w i r l i n g  inne r  stream and the  

a x i a l l y  d i r e c t e d  o u t e r  stream are exhausted i n t o  a confined c o n s t a n t  

a r e a  tes t  sec t ion .  A f ive-hole  p i t o t  probe is used t o  measure 

s t a t i c  and t o t a l  p r e s s u r e s  as w e l l  as t h r e e  mean v e l o c i t y  

components. It is  no t i ced  t h a t  an enhanced r a d i a l  mixing is c r e a t e d  

which they claim is as a resul t  of t he  Rayleigh i n s t a b i l i t y .  

A series of experiments  have been c a r r i e d  out t o  s tudy t h e  

t u r b u l e n t  iiloiaentum t r a n s f e r  in c o a x i a l  j e t s  with and wi thout  

swirl. References [ 4 9 ]  - [ 5 2 ]  a r e  among the  recent  s t u d i e s  in 

homogeneous flows under noncombusting condi t ions .  
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Habib and Whitelaw [491 s t a r t e d  t h e i r  i n v e s t i g a t i o n  of c o a x i a l  

jets by making neasu renen t s  i n  a t u r b u l e n t  conf ined  c o a x i a l  j e t  

wi thout  s w i r l  wi th  hot-wire anemometry. Flows from axisymmetric 

c o a x i a l  j e t s  were i s s u e d  i n t o  a l a r g e  c i r c u l a r  tube. The area r a t i o  

of t h e  tube  t o  t h e  o u t e r  j e t  was e i g h t .  The measurements inc luded  

d i s t r i b u t i o n s  of t h e  a x i a l  mean v e l o c i t y  and t h e  components of t h e  

Reynolds stress t enso r .  Two cases  were s t u d i e d  wi th  t h e  r a t i o  of 

maximum annulus  t o  p ipe  v e l o c i t y  of one and t h r e e .  They show, f o r  

example, t h a t  t h e  l a r g e r  v e l o c i t y  r a t i o  results i n  a l a r g e r  r eg ion  

of r e c i r c u l a t i o n ,  l a r g e r  v e l o c i t y  g r a d i e n t s ,  and l a r g e r  t u r b u l e n c e  

i n t e n s i t i e s  i n  t h e  mixing r eg ion  and downstream of t h e  r eg ion  of 

r e v e r s e  flow. Later, they  i n c o r p o r a t e d  a s w i r l  g e n e r a t o r  i n  t h e  

a n n u l a r  s e c t i o n  and inade measurements i n  t h e  r e s u l t a n t  flour wi th  and 

wi thout  swirl 1501. The s w i r l  g e n e r a t o r  was similar t o  t h e  one used 

i n  Reference  [21].  A combination of l a s e r  Doppler anemonetry, ho t  

wire, and a three-hole  p i t o t  t ube  was used t o  make measurements. 

The d a t a  a l low conpar i son  between t h e  r e s u l t s  of t h e  above t h r e e  

t echn iques  i n  r eg ions  of r e c i r c u l a t i o n .  The i n f l u e n c e  of swirl and 

confinement is shown t o  be t h e  i n c r e a s e d  tendency towards c e n t e r l i n e  

r e c i r c u l a t i o n .  The resu l t s  are compared with c a l c u l a t i o n s  based on 

t h e  s o l u t i o n s  of f i n i t e - d i f f e r e n c e  forms of the  s t e a d y  Navier-Stokes 

e q u a t i o n s  and an e f f e c t i v e  v i s c o s i t y  hypothes is .  They concluded 

t h a t  t h e  two-equation node l ,  a l though a b l e  t o  r e p r e s e n t  t h e  

nonswi r l ing  f l o w ,  i s  less a p p r o p r i a t e  f o r  t he  s w i r i i n g  flow. 
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The s tudy  of Vu and Gouldin [511 i s  c a r r i e d  out i n  a c i r c u l a r  

tube with a c o a x i a l  j e t  l o c a t e d  a t  t h e  e n t r a n c e  t o  t h e  tube. The 

a r e a  r a t i o  of t h e  tube t o  t h e  j e t  i s  about 18. Deta i led  time mean 

and f l u c t u a t i n g  flow measurements are ob ta ined  f o r  a c o s w i r l  and a 

c o u n t e r s w i r l  c o n d i t i o n  wi th  a f ive-hole  p i t o t  probe and hot-wire 

anemometer. Swi r l  f o r  i n n e r  and o u t e r  j e t s  is  genera ted  by f i x e d  

and a d j u s t a b l e  vanes, r e s p e c t i v e l y .  A r e c i r c u l a t i o n  zone occurs  

only f o r  c o u n t e r s w i r l  case.  As t h e  o u t e r  swirl magnitude i s  

dec reased  from maximum c o u n t e r s w i r l  t o  z e r o  and then i n c r e a s e d  a g a i n  

to g ive  c o s w i r l ,  t h e  s i z e  and the  reverse flow v e l o c i t i e s  i n  t he  

r e c i r c u l a t i o n  bubble diminish.  Tangen t i a l  v e l o c i t i e s  i n s i d e  t h e  

bubble are low. More tu rbu lence  i s  genera ted  i n  t h e  i n t e r j e t  s h e a r  

l a y e r  under c o u n t e r s w i r l  than  f o r  coswir l .  

Roback and Johnson [ 5 2 1  s t u d i e d  mass and momentum t r a n s f e r  i n  a 

tes t  f a c i l i t y  similar t o  Reference 1511, but  t h e  a r e a  r a t i o  of t h e  

tube  t o  t h e  o u t e r  j e t  was 4 . 3 .  S w i r l  i s  imparted t o  t h e  e x t e r n a l  

stream. A combination of laser ve loc ime te r  (LV) and laser induced 

f l u o r e s c e n c e  (LIF)  t echn iques  i s  enployed t o  o b t a i n  mean and 

f l u c t u a t i n g  v e l o c i t y  and c o n c e n t r a t i o n  d i s t r i b u t i o n ,  which were used 

t o  d e r i v e  mass and momentum t u r b u l e n t  t r a n s p o r t  parameters  c u r r e n t l y  

i n c o r p o r a t e d  i n t o  va r ious  combustor flow models. The r e s u l t s  of 

t h e s e  measurements i n d i c a t e  t h a t  t h e  l a r g e s t  momentum t u r b u l e n t  

t r a n s p o r t  is i n  t h e  r-z plane. Mixing f o r  s w i r l i n g  flow is 

completed i n  one- th i rd  t h e  l e n g t h  r equ i r ed  f o r  nonswir l ing  flow. 

26 



So, Ahned, and Mongia made an exper imenta l  i n v e s t i g a t i o n  of gas 

j e t s  i n  conf ined  s w i r l i n g  a i r  flows 153, 541. The s w i r l i n g  flow i s  

gene ra t ed  i n  a tube by a vane type swirler. The j e t  is loca ted  

c e n t r a l l y  i n  t h e  swirler, and the  d iameter  r a t i o  of t h e  tube  t o  j e t  

i s  14. Both t h e  jet  and t h e  s w i r l i n g  flow are f u l l y  t u r b u l e n t .  

Ve loc i ty  measurements are taken  wi th  a laser Doppler anenometer. 

T h e i r  resu l t s  show t h a t  j e t s  i n  confined flow wi th  and wi thout  

e x t e r n a l  s w i r l  a r e  h i g h l y  d i s s i p a t i v e .  This i s  because t h e  j e t  

momentum has  t o  work a g a i n s t  l a r g e  r e s i s t a n c e  i n  t h e  f l u i d  due t o  

confinement. As a r e s u l t ,  e x t e r n a l  swirl has  l i t t l e  o r  no e f f e c t  on 

t h e  j e t  behavior.  On t h e  o t h e r  hand, t h e  j e t  even wi th  a small 

amount of a x i a l  momentum is  enough t o  completely e l i m i n a t e  t h e  

r e c i r c u l a t i o n  r eg ion  i n  t h e  s w i r l i n g  flow. The j e t  augments t he  

tu rbu lence  f i e l d  only i n  a smal l  reg ion  sur rounding  the  j e t ,  beyond 

which t h e  tu rbu lence  f i e l d  is e s s e n t i a l l y  t h e  same as t h a t  of 

conf ined  s w i r l i n g  flows. 

A l a r g e  body of l i t e r a t u r e  e x i s t s  for  s w i r l i n g  f lows  wi th  

combustion and flame and some of t h e s e  are reviewed i n  References  

[26 ,  271. A s  mentioned ea r l i e r ,  many problems encountered by t h e  

use of water-cooled p r e s s u r e  probes and hot-wire anemometers, f o r  

measurements i n  complex t u r b u l e n t  s w i r l i n g  flows wi th  combustion and 

f lame,  are overcome by t h e  advent of laser Doppler ve loc imet ry .  One 

of t h e  unique advantages which makes t h i s  technique  d e s i r a b l e  f o r  

u se  i n  s w i r l i n g  flows is t h a t  i t  i s  t r u l y  d i r e c t i o n a l ;  i.e., bo th  

t h e  d i r e c t i o n  and magnitude of v e l o c i t y  are determined. Also by 
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t h i s  method, t h e  measurement can be nade without  d i s t u r b i n g  t h e  flow 

and i n  s i t u a t i o n s  where t h e r e  is no dominant flow d i r e c t i o n .  

Zeferences 155-581 have made u s e  of laser v e l o c i n e t r y  i n  s tudying  

confined s w i r l i n g  f lows with combustion. 

Baker e t  a l .  [ 5 5 ,  561 measured values  of t h r e e  conponents of 

man v e l o c i t y  and cvrresponding normal t u r b u l e n t  stresses i n  t h e  

flow w i t h i n  an e n c l o s u r e  which is a r e p r e s e n t a t i v e  of a smal l - sca le  

f lirnace with an axisymmetric,  s w i r l i n g  flow c o n f i g u r a t i o n .  The 

meiIuurelae11ts are obta ined  i n  i so thermal  a i r  €low and i n  a combustion 

, ~ i x t c l r e  of air and n a t u r a l  gas. E x i t  s w i r l  numbers of zero and 0.52 

a re  i n v e s t i g a t e d .  A laser anemometer with l i g h t  f requency s h i f t i n g  

i s  used t o  o b t a i n  neasurernents. They demonstrate  t h a t  t h e  r e g i o n s  

3 €  r e c i r c u l a t i o n  are g e n e r a l l y  longer  with combustion and t h a t  t h e  

t J r b u l e n c e  is f a r  f r o a  Lsot ropic  over nos t  of t h e  flow f i e l d .  A s  

expec ted ,  t h e  swirl s u b s t a n t i a l l y  reduced t h e  l e n g t h  of t h e  flame 

but a l s o  tended t o  i n c r e a s e  t h e  n o n i s o t r o y i c  reg ion  of t h e  flow. 

Laser  velocimeter measurements i n  t h e  i n i t i a l  mixing r e g i o n  of 

a confined t u r b u l e n t  d i f f u s i o n  f l a n e  burner were made by Owen 

1 5 7 1 .  The exper imenta l  f a c i L i t y  c o n s i s t s  of an axisymmetric 

conbustor  i n  which a c e n t r a l  gaseous f u e l  s t ream is mixed wi th  a 

c o a x i a l  annular  a i r  stream. To impart  swirl t o  t h e  a i r f l o w ,  

s t r a i g h t  swirl vanes are i n s e r t e d  i n t o  t h e  annular  passage of t h e  

i n j e c t o r .  Mean and rms tclrbulent v e l o c i t y  l e v e l s  are raeasured €or 

a x i a l  and t a n g e n t i a l  components of the r e a c t i n g  flow f i e l d .  IIe 

measured fou r  d i f f e r e n t  swirl s t r e n g t h s  near  t h e  e x i t  of t h e  buriwr 
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and found t h e r e  was no s i g n i f i c a n t  v a r i a t i o n  on t h e  time-mean 

p r o f i l e s  f o r  i n c r e a s i n g  s w i r l .  He a l s o  found h igh  t u r b u l e n c e  l e v e l s  

w i t h  s i g n i f i c a n t  d e v i a t i o n  f r o n  i s o t r o p y  over the  i n i t i a l  mixing 

r eg ion  of t h e  jet .  In t h i s  area l a rge - sca l e  f l u c t u a t i o n s  d e c r e a s e  

f o r  i n c r e a s e  i n  s w i r l  s t r e n g t h .  

Gouldin e t  al. [581 have i n v e s t i g a t e d  t h e  flow c o n f i g u r a t i o n  of 

two conf ined  c o n c e n t r i c  c o s w i r l i n g  and c o u n t e r s w i r l i n g  j e t s  i n  a 

c y l i n d r i c a l  combustor w i th  and wi thout  combustion. The c e n t r a l  j e t  

f low was premixed me thane /a i r ,  and t h e  annu la r  j e t  flow was a i r .  

S w i r l  w a s  gene ra t ed  i n  t h e  i n n e r  and o u t e r  jets by t a n g e n t i a l  s l o t s  

and a d j u s t a b l e  vanes,  r e s p e c t i v e l y .  The d a t a  f o r  r e a c t i n g  and 

n o n r e a c t i n g  f lows  are ob ta ined  by laser anemonetry. A c losed  

c e n t r a l  r e c i r c u l a t i o n  zone i s  observed i n  both swirl c o n d i t i o n s  f o r  

r e a c t i n g  flow but  only i n  c o u n t e r s w i r l  f o r  nonreac t ing  flow. Large 

a n i s o t r o p i c  v e l o c i t y  f l u c t u a t i o n s  are observed i n  high s h e a r  r eg ions  

and i n  t h e  v i c i n i t y  of t he  r e c i r c u l a t i o n  zone. 

2.3 THEORETICAL STUDIES OF SWIRLING FUMS 

A number of t h e o r e t i c a l  s t u d i e s  cove r ing  laminar ,  t u r b u l e n t ,  

weak and s t r o n g  s w i r l i n g  j e t s  have been c a r r i e d  out  i n  t he  pas t .  

L o i t s y a n s k i  I591 s t u d i e d  t h e  a x i s y n m e t r i c a l  l aminar  s w i r l i n g  j e t .  

H i s  a n a l y s i s  was based on t h e  s i m p l i f i e d  forms of t h e  equa t ions  of 

motion ob ta ined  by invoking  t h e  hounddry-layer approximation. He 

r e t a i n e d  both a x i a l  and r a d i a l  pressure g r a d i e n t  terim and ob ta ined  

series s o l u t i o n s  f o r  t h e  v e l o c i t y  components. He a l s o  extended the  
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a n a l y s i s  t o  t h e  t u r b u l e n t  case  by t h e  use of P r a n d t l ' s  mixing l e n g t h  

and nomenturn t r a n s f e r  theory.  ais r e s u l t s  are mainly a p p l i c a b l e  i n  

t h e  f u l l y  developed r eg ion  of t h e  j e t  a t  some d i s t a n c e  downstream of 

t h e  nozz le  e x i t .  L o i t s y a n s k i ' s  s o l u t i o n  r e q u i r e s  a l s o  t h a t  t h e  flow 

not r e v e r s e  i n  d i r e c t i o n  a t  any po in t  (weak s w i r l ) .  A t  l a r g e  a x i a l  

d i s t a n c e s  from t h e  o r i g i n ,  h i s  laminar  s o l u t i o n  p r e d i c t s  t h e  same 

asympto t i c  s ta te  as t h e  c l a s s i c a l  f r e e  j e t  s o l u t i o n  obta ined  by 

S c h l i c h t i n g  [601 

G S r t l e r  [611 performed a n a l y t i c a l  s t u d i e s  of an incompress ib l e  

laminar  j e t  i n  the  l i m i t  of very weak s w i r l .  I n  t h i s  l i m i t ,  the 

r a d i a l  p r e s s u r e  g r a d i e n t  may be ignored ,  i.e. p = p(x)  only ;  and 

moreover a l i n e a r i z a t i o n  of t h e  monentun e q u a t i o n s  i n  swirl v e l o c i t y  

i s  admiss ib le .  Based on t h e s e  and the  boundary-layer approximation 

of t h e  Navier-Stokes e q u a t i o n s ,  Gi5rtler reduces t h e  e v o l u t i o n  of a 

weakly s w i r l i n g  laminar j e t  problem t o  an e igenva lue  problem of an 

o r d i n a r y ,  second-order d i f f e r e n t i a l  equat ion .  Furthermore,  upon 

f i n d i n g  a s u i t a b l e  t r a n s f o r m a t i o n  f o r  t h e  dependent and independent 

v a r i a b l e s ,  t h e  govern ing  d i f f e r e n t i a l  equa t ion  i s  transformed i n t o  a 

Legendre type,  f o r  which exac t  s o l u t i o n s  are derived. By r e p l a c i n g  

t h e  k inemat ic  v i s c o s i t y  wi th  an  e f f e c t i v e  cons t an t  eddy v i s c o s i t y ,  

G S r t l e r  g e n e r a l i z e s  h i s  theory  t o  i n c l u d e  t u r b u l e n t ,  weakly s w i r l i n g  

f r e e  j e t s  as w e l l .  

A theory  is proposed by S t e i g e r  and Bloom 1621 i n  which 

incompress ib le  and compress ib le ,  a x i a l l y  symmetric laminar  f r e e  

mixing: e.g., wakes and jets,  wi th  small, moderate, and l a r g e  swirl 



can be examined. The t a n g e n t i a l  and ax ia l  v e l o c i t y  components and 

t h e  s t a g n a t i o n  en tha lpy  are assumed t o  have polynomial p r o f i l e s  i n  

the r a d i a l  d i r e c t i o n .  The assumption of very small r a d i a l  v e l o c i t y  

allowed the use of boundary-layer t ype  fo rmula t ion  i n  t h e  

a n a l y s i s .  The Karman i n t e g r a l  method is  then app l i ed  t o  the v iscous  

l a y e r ,  i.e. t he  wake, of a r o t a t i n g  axisymmetric body wi th  no 

conpar i son  t o  exper imenta l  da t a .  

Shao-Lin Lee 1631 has  obta ined  closed-form s o l u t i o n s  f o r  an  

ax i symne t r i c  t u r b u l e n t  s w i r l i n g  j e t  u s ing  s i m i l a r i t y  assumptions f o r  

t h e  a x i a l  and the  t a n g e n t i a l  v e l o c i t i e s .  The r a d i a l  and a x i a l  

v e l o c i t i e s  are l inked  v i a  an  en t ra inment  assumption, a f t e r  G. I. 

Tay lo r  [641. The t h e o r e t i c a l  p r e d i c t i o n s  are compared t o  t h e  

exper imenta l  d a t a  of Rose [ l o ] ,  where c l o s e  agreement,  i n  t h e  case 

of weak s w i r l ,  i s  demonstrated.  Lee 's  assumptions of t h e  Gaussian 

ax ia l  v e l o c i t y  d i s t r i b u t i o n  and t h e  cor responding  s imilar  t a n g e n t i a l  

v e l o c i t y  p r o f i l e  were d i r e c t l y  deduced from Rose's experiment ,  where 

s i m i l a r i t y  c o n d i t i o n s  were observed €or x/D > 1.5. 

C h i g i e r  and Chervinsky [12, 131 have performed t h e o r e t i c a l  and 

e x p e r i n e n t a l  s t u d i e s  of t u r b u l e n t  s w i r l i n g  j e t s  i s s u i n g  from a round 

o r i f  ice. They used boundary layer-approximations and assumptions of 

similar p r o f i l e s  t o  i n t e g r a t e  t h e  equa t ions  of motion for 

i ncompress ib l e  t u r b u l e n t  flows. The s i m i l a r i t y  assumption was 

e x p e r i n e n t a l l y  demonstrated t o  hold i n  a s w i r l i n g  j e t ,  f o r  weak and 

moderate swirls, f o r  x/D > 4. For s t r o n g l y  s w i r l i n g  f lows,  where 

t h e  mean a x i a l  v e l o c i t y  d i s t r i b u t i o n  shows a c e n t r a l  t rough,  o r  what 
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i s  a l s o  known as .I double hump p r o f i l e ,  t he  s i m i l a r i t y  was not  

observed u n t i l  10 d iameters .  For x/D > 10, t h e  l o c a t i o n  of t h e  

riaximum r e a n  a x i a l  v e l o c i t y  s h i f t e d  back t o  t h e  j e t  c e n t e r l i n e ,  from 

which poin t  t he  s i m i l a r i t y  was observed. The measured mean a x i a l  

v e l o c i t y  and s t a t i c  p res su re  p r o f i l e s  were desc r ibed  by Gaussian 

e r r o r  curves ,  and the  mean t a n g e n t i a l  v e l o c i t y  p r o f i l e  was expres sed  

i n  terns of t h i rd -o rde r  polynomials. The empi r i ca l  c o n s t a n t s  i n  the 

d a t a - € i t  exp res s ions  of Ch ig ie r  and Chervinsky are f u n c t i o n s  of the 

d e s r e e  of swirl i n  t h e  j e t  def ined  as 

G z w  /u ( 4 )  uo I l l 0  

t h e  ratio of maxiinurn man t angen t i a l - to -ax ia l  v e l o c i t y  a t  t h e  nozz le  

e x i t .  

I n  r ecen t  yea r s ,  t h e r e  has been cons ide rab le  progress i n  t h e  

s w i r l i n g  flow f i e l d  p r e d i c t i o n s  us ing  f i n i t e  d i f f e r e n c e  numerical  

techniques.  The f low of an i n c o n p r e s s i b l e  v iscous  f l u i d  is most 

o f t e n  t r e a t e d  by the  stream f u n c t i o n - v o r t i c i t y  ( J ,  - Cl) fo rmula t ion  

, [65] .  The advantages of t h i s  technique  i n  reducing t h e  number of 

p a r t i a l  d i f f e r e n t i a l  equa t ions  is outweighed by i t s  pro3lems 

r ega rd ing  the  implementation of boundary cond i t ions  and t r ea t ing  

s t r o n g l y  s w i r l i n g  flow f i e l d s .  

To overcome t h e  problems a s s o c i a t e d  wi th  ( 6  - Q) fo rmula t ion ,  

nost  recent eaphas i s  i s  be ing  p laced  on d i r e c t  s o l u t i o n  f o r  

p r i m i t i v e  v a r i a b l e s  P, U ,  V ,  W i n s t e a d  of I$ and .Q [66-691. This  

raethod i s  based on the  numerical  s o l u t i o n  of a f i n i t e  d i f f e r e n c e  

r e p r e s e n t a t i o n  of t h e  idavier-Stokes equat ions  i n  p r i m i t i v e  v a r i a b l e  



form. Reference  [661 is a c t u a l l y  a computer code f o r  s w i r l i n g  

t u r b u l e n t  axisymmetric r e c i r c u l a t i n g  flows i n  p r a c t i c a l  i s o t h e r m a l  

combustor geometries.  A two-equation (K - E )  t u rbu lence  model and a 

s t a i r - s t e p  boundary r e p r e s e n t a t i o n  of t h e  s l o p i n g  s i d e w a l l s  are 

implemented i n  t h i s  code. References  1671 and 1681 have extended 

t h e  code a p p l i c a t i o n s  and compared t h e  p r e d i c t i o n s  wi th  expe r imen ta l  

da t a .  Due t o  t h e  l i m i t a t i o n s  of (K - E )  models, Reynolds stress 

c l o s u r e  models have a l s o  been cons idered  i n  numerical  p r e d i c t i o n s  of 

s w i r l i n g  and nonswi r l ing  j e t s  1691 . Problems a s s o c i a t e d  wi th  t h i s  

t echn ique  are d i s c u s s e d  i n  t h i s  r e fe rence .  For a review of f low 

f i e l d  modeling t echn iques  i n  p r a c t i c a l  combustor geometr ies ,  

Reference  1701 can be consul ted .  

2.4 VORTEX BREAgDowN 

Vortex  breakdown phenomenon is  an  ab rup t  s t r u c t u r a l  change 

which can occur  a long  t h e  a x i s  of s w i r l i n g  flows o r  t h e  l e a d i n g  edge 

v o r t e x  formed above d e l t a  wings a t  high  ang le s  of a t t a c k .  It has  

been recognized  f o r  a long  time t h a t  l o c a l  f low r e v e r s a l  can be 

produced i n  a c i r c u l a r  duct flow by i n t r o d u c i n g  s u f f i c i e n t l y  high 

degree  of s w i r l  i n t o  t h e  flow f i e l d .  Such a s w i r l  induced zone of 

r e c i r c u l a t i o n  is  t h e  b a s i s  f o r  one of t h e  c l a s s i c a l  t echn iques  f o r  

flame s t a b i l i z a t i o n  i n  combustion chambers and fu rnaces .  I n  t h e  

s tudy  of s w i r l i n g  f lows ,  t he  term "vor tex  breakdown" r e f e r s  t o  t h e  

fo rma t ion  of a f r e e  s t a g n a t i o n  p o i n t  o r  r e c i r c u l a t i o n  zone on t h e  

axis  of f lows  wi th  s i g n i f i c a n t  streamwise v o r t i c i t y .  
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Gouldin and Depsky [581 have c l a s s i f i e d  t h e  mean flow f i e l d  of 

s w i r l i n g  f lows ,  depending on t h e  presence  o r  absence of mean f low 

r e v e r s a l  as fo l lows :  

(1) No flow r e v e r s a l  

( 2 )  A c e n t r a l  r e c i r c u l a t i o n  zone 

(3) A t o r o i d a l  r e c i r c u l a t i o n  zone. 

( 4 )  

Class 2 i n c l u d e s  f lows  wi th  vo r t ex  breakdown. I n c r e a s i n g  s w i r l  

A long  backflow reg ion  or columnar flow. 

s t r e n g t h  w i l l  cause  t r a n s i t i o n  from class 1 t o  class 2 o r  c l a s s  3; 

and w i t h  f u r t h e r  increase i n  swirl, i t  may trans i t  to class 4. They 

concluded t h a t ,  i n  a d d i t i o n  t o  s w i r l  number, Reynolds number, 

i n i t i a l  v e l o c i t y  p r o f i l e s ,  and flow geometry have a s i g n i f i c a n t  

i n f l u e n c e  on s w i r l i n g  f lows  and most l i k e l y  on t h e  class of 

r e c i r c u l a t i o n  zone they gene ra t e .  Syred and Beer [261, L i l l e y  [271, 

Gore and Ranz 1441, and Vu et al. [511 among o t h e r s  have sugges ted  

t h a t  t h e  flow r e c i r c u l a t i o n  produced i n  s w i r l - s t a b i l i z e d  combustion 

chambers is r e l a t e d  t o  v o r t e x  breakdown. They d i d  no t ,  however, 

o f f e r  any fundamental  arguments about t h e  n a t u r e  of t h i s  

phenomenon. According t o  References  [261 and [271, t h e  u s u a l  p o i n t  

of onse t  of f low r e v e r s a l  occurs  a t  swirl number of about 0.6, which 

is c a l l e d  t h e  " c r i t i ca l  s w i r l  number." They reached t h e  conc lus ion  

t h a t  t h e  precise e f f e c t  of swirl on t h e  flow f i e l d  i s  found t o  

depend upon many o t h e r  f a c t o r s  as w e l l  a s  s w i r l  number: f o r  

example, nozz le  geometry. The presence  of a c e n t r a l  hub or t h e  

a d d i t i o n  of a d i v e r g e n t  nozz le  encourages a l a r g e r  r e c i r c u l a t i o n  
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zone and reduces s u b s t a n t i a l l y  t h e  c r i t i c a l  s w i r l  number. It i s  

a l s o  observed t h a t  r e c i r c u l a t i o n  zones tend  t o  be l a r g e r  when t h e  

flow is  produced by s w i r l  vanes a s  opposed t o  an ax ia l -p lus -  

t a n g e n t i a l  e n t r y  swirl g e n e r a t o r ,  and they are much more pronounced 

i n  conf ined  s w i r l i n g  flows than  t h e  ones genera ted  i n  f r e e  s w i r l i n g  

j e t s .  

References  [71-741 are among t h e  l i t e r a t u r e  d e a l i n g  wi th  t h e  

fundamental n a t u r e  of v o r t e x  breakdown. Squi re  [ 7 1 1  s u g g e s t s  t h a t  

breakdown might occur when the  flow can s u s t a i n  i n f i n i t e s i m a l  

s t a n d i n g  waves. H i s  i d e a  i s  t h a t ,  i f  such waves e x i s t ,  d i s t u r b a n c e s  

which are p r e s e n t  f a r  downstream might spread  a long  t h e  v o r t e x  and 

hence d i s r u p t  t h e  flow n e a r e r  t h e  start .  S ince  t h e  s t a n d i n g  waves 

of i n d e f i n i t e l y  g r e a t  l e n g t h  are t h e  f i r s t  t o  become p o s s i b l e  as t h e  

swirl v e l o c i t y  i s  g r a d u a l l y  i n c r e a s e d ,  he proposed t h e  l i m i t i n g  

c o n d i t i o n  f o r  t h e  e x i s t e n c e  of such waves t o  be t h e  i n c e p t i v e  s t a t e  

f o r  v o r t e x  breakdown. 

The most s a t i s f a c t o r y  exp lana t ion  for v o r t e x  hreakdown t h u s  f a r  

proposed is  t h a t  of Benjamin [721.  He a s s o c i a t e s  v o r t e x  breakdown 

wi th  a t r a n s i t i o n  between an upstream s u p e r c r i t i c a l  r eg ion  i n t o  

which axisymmetric waves cannot propagate  and a downstream 

s u b c r i t i c a l  r e g i o n  through which axisymmetric waves can propagate.  

I n  t h e  t r a n s i t i o n  or t r a n s c r i t i c a l  r eg ion ,  waves p ropaga t ing  from 

downstream accumulate t o  form a v o r t e x  breakdown. I n  o t h e r  words, 

he c o n s i d e r s  

t o  hy d r a u l  i c 

v o r t e x  breakdown as fundamenta l ly  a t r a n s i t i o n  s i m i l a r  

jump i n  open channel f low, from a uniform s t a t e  of 
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s w i r l i n g  flow ( s u p e r c r i t i c a l )  t o  ano the r  s t a t e  ( s u b c r i t i c a l )  

f e a t u r i n g  axisymmetric waves of f i n i t e  amplitude.  

Sarpkaya [73, 741 made some experiments i n  s w i r l i n g  flows i n  a 

d i v e r g i n g  c y l i n d r i c a l  t ube  i n  which va r ious  t y p e s  of v o r t e x  

breakdown were observed. The s w i r l i n g  water was genera ted  by 

ad j u s t a b l e  swirl vanes. B a s i c a l l y  t h r e e  types  of vo r t ex  breakdown 

were observed, viz.  double h e l i x  breakdown, s p i r a l  breakdown 

(followed by t u r b u l e n t  mixing),  and axisymmetric breakdown ( fo l lowed 

by a t h i c k e r  vo r t ex  co re  than  t h e  s p i r a l  breakdown and f i n a l l y  by 

t u r b u l e n t  mixing). The f i r s t  node is observed only i n  t h e  d i v e r g e n t  

t ube  exper iments ,  and the  s p i r a l  mode is more commonly observed over 

a d e l t a  wing a t  high a n g l e s  of a t t a c k ,  whi le  t h e  axisymmetric node 

g e n e r a l l y  appears i n  axisymmetric s w i r l i n g  flows. The ax i synmet r i c  

breakdown may a l s o  evo lve  from double h e l i x  o r  s p i r a l  modes. For a n  

e x h a u s t i v e  l i s t  of r e f e r e n c e s  and c r i t i c a l  e v a l u a t i o n  of t h e  

proposed t h e o r i e s  of v o r t e x  breakdown, References [75-771 can be 

consul ted .  

2.5 AERODYNAMIC EXCITATION OF FREE SHEAR FLOWS 

Aerodynamic e x c i t a t i o n  of axisymmetric j e t s  has  been under 

e x t e n s i v e  t h e o r e t i c a l  and exper imenta l  i n v e s t i g a t i o n  over t h e  p a s t  

decade. It is a l r e a d y  understood t h a t  a c o u s t i c  e x c i t a t i o n  a t  t h e  

" r i g h t "  S t rouha l  number (---) has a s i g n i f i c a n t  e f f e c t  on t h e  

mixing c h a r a c t e r i s t i c s  of shea r  l a y e r s ,  provided t h a t  t he  e x c i t a t i o n  

ampl i tude  is beyond a c e r t a i n  minimum "threshold" l e v e l .  

f O D  
U 
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The i d e a  of a p r e f e r r e d  mode of j e t  i n s t a b i l i t y  was f i r s t  

i n t roduced  by C r o w  and Champagne [781. They showed t h a t  t h e  

en t r a inmen t  volume flow, i n  an  axisymmetric j e t ,  could be i n c r e a s e d  

by about 32 percen t  by a c o u s t i c  e x c i t a t i o n  a t  S t r o u h a l  number of 0.3 

based on nozz le  e x i t  diameter.  Later Zaman and Hussain [79, 801 

showed t h a t  t u r b u l e n t  mixing, i n  a f r e e  c i r c u l a r  j e t ,  i s  enhanced a t  

S t r o u h a l  numbers between 0.2 and 0.8 and is suppressed  between 2 and 

4. They a l s o  concluded t h a t  enhancement o r  s u p p r e s s i o n  of t u r b u l e n t  

mixing no t  only depends on t h e  S t r o u h a l  number but  a l s o  i s  a f f e c t e d  

by t h e  n a t u r e  of t h e  nozz le  boundary l a y e r  (i.e. l amina r ,  

t r a n s i t i o n a l ,  o r  t u r b u l e n t ) .  

Moore [81] and Ahuja [82] showed t h a t  t h e  t h r e s h o l d  l e v e l  of 

t h e  e x c i t a t i o n  a c o u s t i c  p r e s s u r e  f o r  e f f e c t i v e  t u r b u l e n t  mixing and 

a c o n s e q u e n t i a l  j e t  n o i s e  a m p l i f i c a t i o n  can be taken  t o  be 0.8% of 

t h e  j e t  dynamic head a t  t h e  "co r rec t "  S t r o u h a l  number. For a n  

e x c e l l e n t  review and b ib l iog raphy  i n  t h e  area of aerodynamic 

e x c i t a t i o n ,  References [ 5 ]  and 1831 can be consulted. 

The o b j e c t i v e  of t h e  p r e s e n t  i n v e s t i g a t i o n  i s  t o  o b t a i n  a b a s i c  

unde r s t and ing  of t h e  response  of co ld  s w i r l i n g  t u r b u l e n t  f r e e  j e t s  

t o  a c o u s t i c  e x c i t a t i o n .  To our knowledge, t h i s  is t h e  f i r s t  a t t empt  

t o  s t u d y  t h e  e f f e c t  of e x c i t a t i o n  on a s w i r l i n g  je t .  As a f i r s t  

s t e p ,  a f r e e  s w i r l i n g  t u r b u l e n t  j e t  wi th  a s w i r l  number of 0.35 i s  

e x c i t e d  i n t e r n a l l y  by p l ane  a c o u s t i c  waves, and t h e  r e s u l t s  are  

compared wi th  a similar j e t  wi thout  swirl. The mass f l u x  is kept  

c o n s t a n t  i n  t h e  two cases. Only expe r imen ta l  r e s u l t s  are p r e s e n t e d  
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i n  t h i s  r e p o r t  and f u r t h e r  s t u d i e s  are needed t o  unders tand  t h e  

mechanism of i n t e r a c t i o n .  

2.6 W U B E H E N T  TECHNIQUES IN SWIRLING FWMS 

Experimental  o b s e r v a t i o n s  i n  s w i r l i n g  flow f i e l d s  have been 

conducted f o r  a number of years .  Measurement techniques  developed 

f o r  t h e s e  three-d imens iona l  f low experiments are a s  fo l lows :  

(1) Multihole-probe t echn iques  

(2 )  Hot-wire anemometry 

(3) Laser-Doppler ve loc imet ry .  

As t h e  p r e s e n t  exper iments  involved  development of a f ive -ho le  probe  

measurement technique;  and as t h e  tu rbu lence  f i e l d  was q u a l i t a t i v e l y  

measured wi th  c o n s t a n t  tempera ture  hot-wire anemometry, on ly  t h e  

l i t e r a t u r e  r ega rd ing  t h e s e  techniques  i s  reviewed i n  t h i s  r epor t .  

2.6.1 e l t i h o l e - P r o b e  Techniques 

A v a r i e t y  of u u l t i h o l e  probes,  having t h r e e ,  f i v e ,  o r  seven 

h o l e s  wi th  d i f f e r e n t  t i p  shapes ,  have been designed and f a b r i c a t e d  

i n  t h e  p a s t  f o r  measurement of v e l o c i t y  v e c t o r  magnitude and 

d i r e c t i o n ,  as w e l l  as s t a t i c  and t o t a l  p ressure .  S e v e r a l  

combination probes ,  mainly of t h e  n u l l i n g  type ,  are expe r imen ta l ly  

e v a l u a t e d  i n  Reference 1841. I n  t h e  n u l l i n g  method, probes are 

u s u a l l y  r o t a t e d  i n  t h e  flow f i e l d  u n t i l  t h e  d i r e c t i o n - s e n s i n g  

p r e s s u r e s  are n u l l e d ,  meaning t h e  probe is a l i g n e d  wi th  t h e  flow. 

38 



The probe may a l s o  be set  f i x e d  i n  t h e  flow f i e l d  (non-nulling 

nethod) and flow d i r e c t i o n  determined from a c o r r e l a t i o n  based on 

t h e  r e l a t i o n s h i p  between t h e  probe p res su res  and flow d i r e c t i o n .  

Measurements wi th  f i x e d - p o s i t i o n  probes i n  subsonic  flow over a 

range of Reynolds numbers is p resen ted  by Krause and Dudzinski 

[851. Design and c a l i b r a t i o n  procedure of a three-hole  probe (used 

f o r  2-D flow measurements) and a f ive-hole  probe (used f o r  3-D flow 

measurements) i s  s t u d i e d  i n  t h i s  paper. 

Mul t iho le  probes have been designed wi th  a v a r i e t y  of measuring 

t i p  shapes. S p h e r i c a l  probes have been developed by Lee and Ash 

[861 f o r  th ree-d imens iona l  f low measurements. S t a t i c  p r e s s u r e  and 

magnitude and d i r e c t i o n  of v e l o c i t y  v e c t o r  f o r  any a r b i t r a r y  f low 

a n g l e  can be measured wi th  t h i s  probe wi thout  n u l l i n g .  S a t i s f a c t o r y  

measurements are ob ta ined  w i t h i n  a r o t a t i n g  blade cascade  wi th  t h r e e  

p e r c e n t  accuracy. Hale and Norr ie  1871 have a l s o  s t u d i e d  t h e  theory  

of t h e  f ive -ho le  s p h e r i c a l  p i t o t  probe technique  and improved t h e  

c a l i b r a t i o n  procedure f o r  measurements i n  a flow whose d i r e c t i o n  is 

approximate ly  known. The r e s u l t s  of t h e i r  c a l i b r a t i o n  can be put  i n  

a form s u i t a b l e  f o r  r e d u c t i o n  of t h e  tes t  d a t a  by d i g i t a l  computers. 

Bryer and Pankhurst  [88]  have c a r r i e d  out  an  e x t e n s i v e  s tudy  of 

n u l t i h o l e  p r e s s u r e  probes having  a v a r i e t y  of t i p  des igns  l i k e  

s p h e r i c a l ,  c o n i c a l ,  o r  pyramidal heads. Details of t h e  d e s i g n  and 

c o n s t r u c t i o n  s t e p s  of va r ious  probes are g iven  a8 w e l l  as t h e i r  

g e n e r a l  p r i n c i p l e s  of o p e r a t i o n  and p r a c t i c a l  performance. 

Combination probes which are capable of s imul taneous  measurement of 
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nany q u a n t i t i e s  i n c l u d i n g  tempera ture  are a l s o  d iscussed .  The 

a p p l i c a t i o n  of s e v e r a l  t y p e s  of pressure probes f o r  measurement of 

s t a t i c  and t o t a l  p r e s s u r e ,  v e l o c i t y  vec to r  magnitude and d i r e c t i o n ,  

and s k i n  f r i c t i o n  are a l s o  d i scussed  by Chue [891. This r e f e r e n c e  

can s e r v e  as a u s e f u l  supplement t o  Peference  [881 by adding f u r t h e r  

d e t a i l s  on t o p i c s  d i scussed  i n  i t  and t o p i c s  not a l r eady  inc luded .  

References  [go, 911 d e a l  wi th  measurements i n  sepa ra t ed  

flows. Yajnik and Gupta [go] mounted a modified b a s i c  th ree-hole  

probe on a p i t c h i n g  mechanism and a l igned  i t  d t h  the  l o c a l  flow 

d i r e c t i o n  such t h a t  t h e  p r e s s u r e  d i f f e r e n c e  between t h e  two o u t e r  

t ubes  was equa l  t o  zero. Local v e l o c i t y  and t h e  flow d i r e c t i o n  i n  

one p lane  can thus  be determined. This des ign  and set-up appea r s  

a t t r a c t i v e ;  bu t  t h e  system is not versati le,  s i n c e  i t  cannot measure 

t h e  l o c a l  sidewash ang le  of t he  flow. In orde r  t o  overcome t h e  

above l i m i t a t i o n ,  a r a t h e r  small f ive-hole  probe was s e l e c t e d  by 

See tha ran  e t  a l .  [911. This probe was i d e a l l y  s u i t e d  f o r  s e p a r a t e d  

flow measurements due t o  i t s  c a p a b i l i t y  t o  provide  p i t c h  and yaw 

ang le  in fo rma t ion  as w e l l  as s t a t i c  and t o t a l  p re s su res .  They 

provided a means f o r  n u l l i n g  t h e  probe i n  one ax is  only and t o  

u t i l i z e  non l inea r  c a l i b r a t i o n  r e l a t i o n s  t o  determine flow d i r e c t i o n  

w i t h  r e s p e c t  t o  t h e  second ax is .  They r e a l i z e d  t h a t  f o r  probe 

p o s i t i o n s  wi th in  f i v e  probe d iameters  of t h e  wall, proximi ty  of t h e  

wall i n f l u e n c e s  t h e  probe readings  and results i n  an e r r o r  i n  t h e  

i n d i c a t e d  l o c a l  p i t c h  ang le  of t he  v e l o c i t y  vec tor .  The maximum 

e r r o r  is r epor t ed  t o  be about f o u r  degrees  when t h e  probe is i n  

con tac t  r i t h  t h e  su r face .  
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A f a s t  method f o r  a c c u r a t e  nechan ica l  des ign  and rninimura e f f o r t  

manufacturing procedure of min ia tu re  c o n i c a l  f i ve -ho le  probes  i s  

p r e s e n t e d  by G a l l i n g t o n  and Hollenbaugh (921. The smallest probe 

t h a t  they c o n s t r u c t e d  had an o u t s i d e  d iameter  of 2.7 mm, and they  

claim t h a t  t h e i r  t echn ique  can probably be a p p l i e d  t o  f a b r i c a t e  

probes as small as 1 mm o u t e r  diameter.  D e t a i l e d  procedure of 

c a l i b r a t i o n  of min ia tu re  f ive-hole probes f o r  on-line d a t a  r e d u c t i o n  

i s  r e p o r t e d  by Barker e t  a l .  (931. A computer-aided t echn ique  t o  

f i n d  t h e  t h r e e  components of v e l o c i t y  and t h e  s t a t i c  and t o t a l  

p r e s s u r e s  i s  p resen ted .  The f o u r  p r e s s u r e  c o e f f i c i e n t s ,  d e f i n e d  i n  

terms of t h e  p r e s s u r e s  measured from each of t h e  f i v e  h o l e s  o r  

p r e s s u r e  p o r t s ,  are c a l c u l a t e d  us ing  mat r ix  manipula t ion .  

Samet and Einav [941 p r e s e n t  t h e  r e s u l t s  of t h e i r  s tudy  t o  

c o n s t r u c t ,  c a l i b r a t e ,  and enploy a s p e c i a l  t ype  of d i r e c t i o n a l  

p r e s s u r e  probe which they  c a l l  t h e  "f ive- tube  p r e s s u r e  probe" o r  

"5TPP." Topics such as c a l i b r a t i o n  t echn iques ,  va r ious  sou rces  of 

e r r o r ,  and c o r r e c t i o n  procedures  are d i s c u s s e d  i n  d e t a i l .  This  t y p e  

of probe has  an o u t s i d e  d iameter  of 4.2 mm and i s  robus t  and easy  t o  

manufacture.  The t ubes  are made of 0.9 mm i .d. s t a i n l e s s  s t e e l  

hypodermic t u b i n g  and a r e  bonded t o g e t h e r  wi th  epoxy glue. they  

have d e s c r i b e d  a c a l i b r a t i o n  procedure f o r  u s ing  the  probe i n  non- 

n u l l i n g  method of neasurement i n  large and small f l o w  ang les .  Ths 

procedure  of Reference  (911 is  recommended by them f o r  nu l l - r ead ing  

method. Measurements were performed i n  an axisymmetric t u r b u l e n t  

j e t  wi th  a cof lowing  uniform stream. Within t h e  p o t e n t i a l  co re  the  
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, 

r e s u l t s  of 5TPP were i n  good agreement wi th  those  obta ined  by hot -  

wire anemonetry. F u r t h e r  downstream e r r o r s  of not more than  4% are 

observed 

The e f f e c t  of a nearby s o l i d  s u r f a c e  which was no t i ced  i n  

Reference (911 i s  a l s o  addressed  by Tamigniaux and Oats [ 9 5 1 .  They 

a l s o  observed t h a t  ove r read ing  ang le  of a t t a c k  inc reased  wi th  

i n c r e a s e d  approach t o  t h e  wall. This is because t h e  wal l  

i n t e r f e r e n c e  causes  an  i n c r e a s e d  p r e s s u r e  a t  t h e  po r t  c l o s e s t  t o  t h e  

wall. They concluded t h a t  t h e  v a l i d i t y  of t h e  probe r ead ings  can be 

extended t o  an  area close t o  t h e  w a l l  by including the e f f e c t  of 

w a l l  i n t e r a c t i o n  i n  t h e  c a l i b r a t i o n  procedure.  Gene ra l ly  speak ing ,  

t h e r e  are not y e t  r e l i a b l e  methods f o r  c a l i b r a t i n g  n u l t i - h o l e  probes 

f o r  t h e  e f f e c t s  of large s h e a r  rates or of nearby s o l i d  s u r f a c e s .  

As a r e s u l t ,  measurements taken  near  t h e  s o l i d  boundar ies ,  or w i t h i n  

t h e  e a r l y  deve loping  s h e a r  l a y e r  between streams, can only be 

i n t e r p r e t e d  q u a l i t a t i v e l y  a t  best. 

Due t o  flow s e p a r a t i o n  a t  t h e  probe t i p ,  i f  f i ve -ho le  probes 

are no t  n u l l e d  i n  flow d i r e c t i o n ,  they are u n s a t i s f a c t o r y  f o r  f low 

measurements a t  ang le s  l a r g e r  than  about 20 degrees  [90]. 

method is recommended f o r  c a l i b r a t i n g  f ive-hole  probes f o r  ex tend ing  

t h e i r  u s e f u l  measurement range up t o  flow ang les  of about 85 degrees  

[ 9 6 ] .  The c a l i b r a t i o n  technique  invo lves  adjustment of t h e  

c a l i b r a t i o n  c o e f f i c i e n t s  t o  a l low v a l i d  c a l i b r a t i o n  a t  l a r g e r  flow 

ang les  wi thout  a d d i t i o n a l  c o s t  of a seven-hole probe. 

C o e f f i c i e n t s  are a d j u s t e d  by r e p l a c i n g  t h e  c e n t e r  p o r t  p r e s s u r e  wi th  

A new 
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t h e  upwind p o r t  p r e s s u r e  a s  t h e  r e f e r e n c e  p r e s s u r e ,  and r e p l a c i n g  

t h e  s t a l l e d  downwind p o r t  p r e s s u r e  wi th  center -por t  p re s su re .  This  

extended range is  v a l i d  i n  p i t c h  only when t h e  yaw p o r t s  are nul led .  

As d i scussed  by Yajnik and Gupta [go], t h e  f ive -ho le  probes  

could not be c a l i b r a t e d  t o  g ive  u s e f u l  flow informat ion  beyond flow 

ang les  of about 20 degrees  measured from t h e  flow d i r e c t i o n  t o  t h e  

probe ax i s .  This  i s  because a t  high flow ang les  one of t h e  s i d e  

p o r t s  i n  t h e  f ive -ho le  probe becomes almost a s t a g n a t i o n  p o i n t  wh i l e  

t h e  o p p o s i t e  p o r t  measures i n  t h e  sepa ra t ed  wake [931. Nei the r  of 

t h e s e  p r e s s u r e s  is s e n s i t i v e  t o  small changes i n  f law angle.  Of 

cour se  n u l l i n g  t h e  probe can improve t h i s  problem. Sone s p e c i a l  

c a l i b r a t i o n  techniques  have a l s o  inc reased  t h i s  limit [96]. The 

seven-hole probe is a d e s i r a b l e  choice  f o r  measurements i n  flows a t  

h igh  ang le s  [971. This  r e f e r e n c e  d e s c r i b e s  t h e  f a b r i c a t i o n ,  

c a l i b r a t i o n ,  and use of a non-nulling seven-hole probe t h a t  p e r m i t s  

a c c u r a t e  measurement of a l l  steady-flow p r o p e r t i e s ,  provided t h a t  

the  l o c a l  flow makes an angle of no more than 80 degrees with 

respect t o  t h e  probe a x i s .  The de te rmina t ion  method comprises 

e x p l i c i t  polynomial r e l a t i o n s h i p s  f o r  a l l  t h e  d e s i r e d  ou tpu t  

q u a n t i t i e s  i n  terms of p r e s s u r e s  measured by t h e  probe. This method 

can be eas i ly  programmed i n  ma t r ix  n o t a t i o n  on a d a t a  a c q u i s i t i o n  

system. R e p r e s e n t a t i v e  flow a n g l e  a c c u r a c i e s  are 0.4 degrees  a t  low 

flow ang les  and one degree  a t  h igh  flow anglee. 

The c a l i b r a t i o n  technique  developed i n  Reference [971 f o r  

i ncompress ib l e  flows i s  f u r t h e r  extended t o  subson ic  c o n p r e s s i b l e  
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f lows  by Evere t t  e t  a l .  [98 ] .  They observed t h a t  t he  naximuii f low 

angle  a t  which v a l i d  measurements can be obta ined  v a r i e s  i n v e r s e l y  

rJith !.lac11 number. This  l i m i t  ranges from about 65 degrees  a t  Yach 

0.88 t o  nea r ly  85 degrees  a t  Hach 0.2 .  Thei r  d a t a  r e v e a l  no 

s i g n i f i c a n t  i n f luence  of Reynolds number on t h e  results w i t h i n  t h e  

range of values  t e s t e d .  

2.6.2 Hot-wire Techniques I- ----- 

Turbulence measureraents i n  a complex flow f i e l d  have always 

been a conp l i ca t ed  problem encountered by r e sea rche r s .  One of the 

nos t  widely used i n s t r u n e n t s  t o  o b t a i n  tu rbu lence  q u a n t i t i e s  as w e l l  

as m a n  v e l o c i t y  components is the  hot-wire technique.  Methods of 

neasirring s w i r l i n g  flow f i e l d s  us ing  hot-wire anemometry are b r i e f l y  

reviewed here .  There are e s s e n t i a l l y  two methods a v a i l a b l e  f o r  

lwasurelaent of three-dimensional  f lows us ing  hot-wire probes. The 

Eirst technique  is t h e  use of m u l t i - o r i e n t a t i o n  of a s i n g l e  h o t  

wire.  The second method is the  a p p l i c a t i o n  of a three-sensor  

probe. Of course ,  s i n g l e  i n c l i n e d  and cross-wires  have a l s o  been 

a p p l i e d  f o r  three-dimensional  flow measurements. 

Mulc i -or ien ta t ion  of a s i n g l e  ho t  wire i s  a method dev i sed  

o r i g i n a l l y  by Dvorak and Syred 199). 

wire o r i e n t e d  a t  t h r e e  d i f f c r e n t  p o s i t i o n s  s o  t h a t  t h e  c e n t e r  one 

was separaCerl by 45 degrees  from t h e  o t h e r  two. 

2robe was a d d i t i o n a l l y  used t o  neasclre c o r r e l a t i o n  c o e f f i c i e n t s .  

King [loo! modified the  above technique.  H i s  method c a l l e d  f o r  a 

They used a s i n g l e  normal hot  

A c r o s s e d u i r e  
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normal wire t o  be o r i e n t e d  through s i x  d i f f e r e n t  p o s i t i o n s ,  each 

o r i e n t a t i o n  s e p a r a t e d  by 30 degrees  from t h e  a d j a c e n t  one. Mean and 

r o o t  mean squa re  v o l t a g e s  were measured a t  each o r i e n t a t i o n .  The 

d a t a  r e d u c t i o n  was performed us ing  sone assumptions r ega rd ing  t h e  

s t a t i s t i c a l  n a t u r e  of t h e  t u r b u l e n c e ,  *king i t  p o s s i b l e  t o  s o l v e  

f o r  t h r e e  time-mean v e l o c i t i e s ,  t h e  t h r e e  normal t u r b u l e n c e  

stresses, and t h e  t h r e e  tu rbu lence  s h e a r  stresses. 

A t  Oklahoma S t a t e  U n i v e r s i t y ,  J a n j u a  e t  a l .  [37, 1011 s t u d i e d  

t h e  s i x - o r i e n t a t i o n  hot-wire probe t echn iques ,  developed a s u i t a b l e  

d a t a  r e d u c t i o n  code, and p resen ted  r e s u l t s  of i t s  a p p l i c a t i o n  i n  

n o n s w i r l i n g  f r e e  and conf ined  j e t  flows. Jackson and L i l l e y  [381 

extended t h e  above t echn ique  t o  i n v e s t i g a t e  nonswi r l ing  and s w i r l i i l g  

n o n r e a c t i n g  t u r b u l e n t  conf ined  flows. They a l s o  s t u d i e d  t h e  

accuracy  and d i r e c t i o n a l  s e n s i t i v i t y  of t h e  s i x - o r i e n t a t i o n  s i n g l e  

normal hot-wire t echn ique  [39 ] .  They performed an u n c e r t a i n t y  

a n a l y s i s  on t h e  d a t a  r e d u c t i o n  procedure by changing t h e  i n d i v i d u a l  

i n p u t  parameters  and n o t i n g  t h e i r  e f f e c t  on t h e  deduced p rope r ty  of 

t h e  flow. It is concluded t h a t  t h e  least  a c c u r a t e  ou tpu t  q u a n t i t i e s  

are t h e  s h e a r  stresses, i n  p a r t i c u l a r  t h e  x0 coinponent. A 

d i r e c t i o n a l  s e n s i t i v i t y  a n a l y s i s  i s  also presen ted  by them, t h a t  

assesses t h e  r e l a t i v e  va lue  of t h e  deduced f low p r o p e r t i e s  t o  l o c a l  

t ine  mean v e l o c i t y  o r i e n t a t i o n  r e l a t i v e  t o  t h e  probe. It i s  also 

concluded t h a t  t h e  t echn ique  adequa te ly  measures t h e  p r o p e r t i e s  of 

t h e  flow f i e l d  independent of t h e  dominant flow d i r e c t i o n  excep t  

when t h e  flow i s  p redon inan t ly  i n  t h e  d i r e c t i o n  of t h e  probe holder .  
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The i n f l u e n c e  of w a l l  p roximi ty  on ho t -wi re  v e l o c i t y  

measurement i s  expe r imen ta l ly  i n v e s t i g a t e d  by Oka and K o s t i c  

[1021. The i r  measurements are c a r r i e d  ou t  w i th  a DISA c o n s t a n t  

tempera ture  hot-wire anemometer, u s ing  a s t anda rd  min ia tu re  probe. 

They showed t h a t  t h e  i n c r e a s e d  coo l ing  of t h e  hot  wire i n  t h e  

v i c i n i t y  of a c o l d e r  w a l l  g ives  rise t o  h i g h e r  apparent  v e l o c i t i e s  

a t  t h e  measuring po in t s .  They observed t h a t  t h e  wall  i n f l u e n c e  

could be d e t e c t e d  a t  t h e  same dimens ionless  d i s t a n c e ,  a f a c t  which 

may s e r v e  as an  i n d i c a t i o n  of whether w a l l  i n f l u e n c e  is p r e s e n t  i n  a 

c e r t a i n  measurement i n  t u r b u l e n t  flows. 

A p p l i c a t i o n  of m u l t i - o r i e n t a t i o n  of a s l a n t e d  w i r e  i n  flow 

neasurements i s  r e p o r t e d  i n  References [103-1051. 

Moussa and Esk inaz i  [lo31 t r i e d  t o  measure t h e  m a n  flow 

v e l o c i t y  and d i r e c t i o n  i n  a three-dimensional flow f i e l d  by us ing  a 

r o t a t a b l e  45 degree  s l a n t e d  w i r e .  Making u s e  of t h e  d i r e c t i o n a l  

p r o p e r t i e s  of h o t  wires, they c a l i b r a t e d  t h e  probe f o r  a l l  p o s s i b l e  

a n g l e s  and prepared  d e t a i l e d  c h a r t s  which inc luded  t h e  flow ang les  

as f u n c t i o n  of f o u r  mean vo l t ages  obta ined  a t  d i f f e r e n t  s t a t i o n s .  

Hoffmeis te r  1104, 1051 a p p l i e d  similar technique  f o r  de te rmining  

t h r e e  components of mean v e l o c i t y  and s i x  Reynolds stresses i n  a 3-D 

t u r b u l e n t  flow. H i s  procedure is r e s t r i c t e d  t o  a s t a t i o n a r y  

t u r b u l e n t  f i e l d  i n  a homogeneous, incompress ib le ,  and i s o t h e r m a l  

f l u i d .  The use  of u u l t i - o r i e n t a t i o n  of a s i n g l e  s l a n t e d  wire i n  

t u r b u l e n t  f lows is no t  y e t  f u l l y  e s t a b l i s h e d .  
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Although t h e  ro ta ted-wire  technique  is s i m p l e  i n  both concept 

and a p p l i c a t i o n ,  t he  technique  can be very time consuming, 

e s p e c i a l l y  where measurements a r e  r equ i r ed  a t  a l a r g e  number of d a t a  

p o i n t s  i n  a 3-D flow. F u r t h e r ,  t h e  technique  is not  p a r t i c u l a r l y  

s u i t a b l e  f o r  a c c u r a t e  measurements of very small flow angles.  The 

coo l ing  e f f e c t s  of i n t e n s e  v e l o c i t y  f l u c t u a t i o n s ,  when t h e s e  a r e  

p r e s e n t ,  a l s o  o f f e r  ano the r  c r i t i c i s m  of t he  technique. The method, 

being b a s i c a l l y  a s t a t i s t i c a l  t echnique ,  is a p p l i c a b l e  only t o  

s t a t i o n a r y  t u r b u l e n t  flows. Cons ider ing  t h e  above problems, t he  

th ree - senso r  probe w i l l  be ano the r  a l t e r n a t i v e  which enab le s  

measurements of t h e  t h r e e  components of mean v e l o c i t y  and s i x  

components of Reynolds s t  resses s imul taneous ly  [ 106, 107, 4 11 

X real-time hot-wire nethod has  been developed t o  make 

measurements in 3-D t u r b u l e n t  f low f i e l d s  where f l u c t u a t i o n s  a re  

h igh  and t h e  flow d i r e c t i o n  i s  unknown ( w i t h i n  l i m i t s )  [1061. A 

DISA t r i a x i a l - w i r e  probe i s  used f o r  t h i s  i n v e s t i g a t i o n .  The wires 

a r e  n u t u a l l y  o r thogona l ,  forming a r igh t -angled  c o o r d i n a t e  system. 

The r e s u l t a n t  mean v e l o c i t y  could be measured wi th  good accuracy  

w i t h i n  a cone of 30 degrees  ha l f  apex angle  around t h e  probe a x i s .  

Turbulen t  k i n e t i c  energy could a l s o  be measured wi th  10-15X accuracy  

w i t h i n  a cone of ha l f  apex angle  of 12 degrees.  

Extens ive  r e sea rch  has  been performed on t h e  a p p l i c a b i l i t y  of 

t h ree - senso r  hot-wire probe techniques  f o r  3-D mean and tu rbu lence  

flow measurements a t  Pennsylvania  S t a t e  Un ive r s i ty  11071 . Hot-wire 

e q u a t i o n s ,  d a t a  p rocess ing  procedure ,  c a l i b r a t i o n  t echn iques ,  and a 
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d i s c u s s i o n  of va r ious  e r r o r s  i n  t h e  measurements are p resen ted  i n  

t h i s  re ference .  Sone inprovenents  t h a t  can be made t o  improve t h e  

accuracy of t h i s  technique  are a l s o  d iscussed .  

App l i ca t ion  of t h e  t r i p l e  hot-wire probe f o r  t u rbu lence  

measarenents  i n  s w i r l i n g  confined f lows is r epor t ed  by Janjua and 

YcLaughliD [ 4 1 ] .  The probe was opera ted  by t h r e e  separate but  

c l o s e l y  matched anemoiieters. C a l i b r a t i o n  of t h e  probe was performed 

by o r i e n t a t i o n  of t he  probe a x i s  c o l i n e a r  wi th  the  c a l i b r a t i o n  j e t  

and r e s o l v i n g  t h e  v e l o c i t y  conponents i n  d i r e c t i o n s  normal t o  the 

three wires t o  o b t a i n  voltage versus normal component of v e l o c i t y  

€o r  t h e  t h r e e  r e s p e c t i v e  wires. This method is a l s o  recommended and 

used by Yavauzk3rt e t  a l .  [1061. It i s  concluded t h a t  the mean 

v e l o c i t i e s  measured by t h e  t r i p l e - w i r e  probe are i n  good a g r e m e n t  

w i t h  f ive-hole  probe r e s u l t s .  The t u r b u l e n t  normal and s h e a r  

s t resses  measured by t h i s  method are a l s o  i n  gene ra l  agreement with 

the  cor responding  r e s u l t s  ob ta ined  from t h e  s i x - o r i e n t a t i o n  s i n g l e -  

i io t - w i  re technique. 
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3. EXPERIMENTAL FACILITIES AND INSTRUKENTATION 

3.1 JET FACILITY 

The j e t  f a c i l i t y  c o n s i s t s  of a 30-inch d i ame te r  c y l i n d r i c a l  

plenum tank ,  swirl g e n e r a t o r ,  a i r  supply  and c o n t r o l  system, 

e x c i t a t i o n  s e c t i o n ,  and a convergent nozz le  exhaus ted  t o  t h e  tes t  

cel l .  A schemat ic  diagram of t h e  j e t  f a c i l i t y  is shown i n  F igu re  1. 

3.1.1 Swirl Generator 

One of t h e  major o b j e c t i v e s  of t h e  p r e s e n t  i n v e s t i g a t i o n  was t o  

s tudy  t h e  e f f e c t  of i n i t i a l  t a n g e n t i a l  v e l o c i t y  d i s t r i b u t i o n  on t h e  

mean e v o l u t i o n  of a s w i r l i n g  t u r b u l e n t  f r e e  jet. To ach ieve  t h a t ,  a 

s w i r l  g e n e r a t o r  capable  of producing s w i r l i n g  f lows  a t  a c o n s t a n t  

s w i r l  nunber but  a t  d i f f e r e n t  i n i t i a l  s w i r l  d i s t r i b u t i o n s  was 

r equ i r ed .  The des ign  of swirl g e n e r a t o r s  i n  p r a c t i c e  today i s  

genera l ly  based upon the following p r i n c i p l e s  of swirl produc t ion  

[81: 

a )  Fixed o r  a d j u s t a b l e  vanes 

b) Ax ia l -p lus - t angen t i a l  e n t r y  

c )  Spinning ,  f u l l y  developed p i p e  flow 

d )  Flow through a r o t a t i n g  p e r f o r a t e d  p l a t e  

A common problem a s s o c i a t e d  wi th  a l l  of t h e  above t echn iques  of 

s w i r l  g e n e r a t i o n  i s  t h e  f a c t  t h a t  t h e r e  is no c o n t r o l  over  t h e  shape  

of t h e  i n i t i a l  s w i r l  d i s t r i b u t i o n  gene ra t ed  by then. To s o l v e  t h i s  

problem, a unique swirl g e n e r a t o r  capable  of g e n e r a t i n g  s w i r l i n g  
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flows a t  a cons t an t  s w i r l  number but a t  a v a r i e t y  of i n i t i a l  s w i r l  

p r o f i l e s  is des igned  and f a b r i c a t e d .  The p r i n c i p l e  of ax ia l -p lus -  

t a n g e n t i a l  e n t r y  is a p p l i e d  f o r  swirl gene ra t ion .  It c o n s i s t s  of 54 

elbow-shaped nozz le s  mounted on t h r e e  c o n c e n t r i c  c i r c u l a r  mani fo lds  

(Fig. 2 )  which are i n  t u r n  mounted i n s i d e  a 76.2 cm (30 i n . )  

d iameter  c y l i n d r i c a l  c a s i n g  (Fig. 3). Tangen t i a l  a i r  e n t e r i n g  i n t o  

t h e  s w i r l  g e n e r a t o r  through t h e  elbow-shaped nozz les  i s  mixed wi th  

t h e  a x i a l  a i r  pas s ing  through t h e  c a s i n g  and g e n e r a t e s  a s w i r l i n g  

flow. By i n d i v i d u a l  c o n t r o l  of t h e  a i r  flow through t h e  c o n c e n t r i c  

manifold r i n g s ,  f l o w s  having va r ious  i n i t i a l  s w i r l  p r o f i l e s  a t  a 

c o n s t a n t  s w i r l  number can be genera ted .  S w i r l  s t r e n g t h  can be 

c o n t r o l l e d  by vary ing  t h e  p r o p o r t i o n  of a x i a l  and t a n g e n t i a l  a i r  

supply.  The components of t h e  s w i r l  g e n e r a t o r  are desc r ibed  as 

fo l lows :  

a) Manifold Rings 

These c i r c u l a r  r i n g s  have d iameters  of 57.2,  38.1, and 19.1 cm 

(22.5,  15.0, and 7.5 i n . )  and are called manifolds A, B,  and C ,  

r e s p e c t i v e l y .  Manifold A i s  l o c a t e d  upstream, B i s  i n  the  middle, C 

i s  mounted i n  t h e  downstream p a r t  of t h e  c y l i n d r i c a l  c a s i n g ,  and 

they  are concen t r i c .  They a r e  formed from s t a i n l e s s  s t ee l  p i p i n g  

and i n c o r p o r a t e  welded mounting pads on t h e i r  upstream and 

downstream f a c e s  for t h e  a t tachment  of elbow-shaped nozzles.  

B l u e p r i n t s  of t h e s e  manifolds are inc luded  i n  Appendix D. 
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b) Elbow-Shaped Nozzles 

T a n g e n t i a l  a i r  e n t e r s  i n t o  the  s w i r l  gene ra to r  through 54  

nozzles  mounted on t h e  manifold r ings .  Manifolds A, B ,  and C are 

equipped wi th  a t o t a l  of 2 4 ,  18, and 12 nozz le s ,  r e s p e c t i v e l y ,  ha l f  

of which are mounted on t h e  upstream and t h e  o t h e r  h a l f  on t h e  

downstream f a c e  of t h e  manifolds.  Among t h e  requi rements  i n  

s e l e c t i n g  and modifying t h e s e  nozz le s  were maximum mass flow rate  

c a p a c i t y  wi th  minimum blockage t o  t h e  cas ing  and minimum n o i s e  

gene ra t ion .  I n i t i a l l y  t h r e e  s i z e s  of elbows were s e l e c t e d ,  and 

d i f f e r e n t  shapes and s i z e s  of i n l e t  r e s t r i c t o r s  and o u t l e t s  were 

mounted i n  them [108J. The mass flow rates of t h e  above 

conb ina t ions  were expe r imen ta l ly  measured i n  a flow l a b o r a t o r y ,  and 

t h e  r e s u l t s  are shown i n  F igure  4. It was concluded t h a t  a 1.91 cm 

(.75 i n . )  p i p e  elbow wi th  a - 6 4  c m  (.25 i n . )  s i z e  i n l e t  r e s t r i c t o r  

meets t h e  mass flow rate requirement .  Next, t h e  o v e r a l l  sound 

p r e s s u r e  l e v e l  (OASPL) of t h e  a i r  pas s ing  through t h i s  elbow was 

measured wi th  a microphone; and i t  was concluded t h a t  t h e  s c r e e c h  

which was p r e s e n t  i n  t h e  s p e c t r a  d isappeared  and t h e  OASPL was 

reduced from 106 t o  92.5 dB when t h r e e  30-mesh s c r e e n s  were i n s e r t e d  

i n t o  t h e  elbow and a mult i -hole  piece was p laced  a t  i t s  o u t l e t .  The 

schemat ic  of t h e  mult i -hole  p i e c e  i s  i l l u s t r a t e d  i n  F igu re  5. The 

mass flow rate of t h e  f i n a l  nozz le  assembly was measured and found 

t o  be accep tab le .  

The elbows are screwed i n t o  t h e i r  mounting pads l o c a t e d  on 

f r o n t  and rear f a c e s  of manifold r i n g s ,  and t h e i r  ang le s  were set  s o  
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t h a t  t h e  o u t l e t  flow from each elbow j u s t  touches the  o u t l e t  of t h e  

ne ighbor ing  elbow and so on. This way a well-developed stream t u b e  

of s w i r l i n g  flow is gene ra t ed  by the  flow from each manifold. The 

s w i r l  g e n e r a t o r  i s  b o l t e d  t o  t h e  plenum tank  as shown i n  F igure  6. 

3.1.2 Air Supply and Control System - 

A schemat ic  diagram i l l u s t r a t i n g  t h e  complete a i r  supply and 

c o n t r o l  system components is shown i n  F igure  7. The 40 p s i g  a x i a l  

a i r  is  s u p p l i e d  t o  t h e  plenum tank  through an  e igh t - inch  pipe.  An 

e igh t - inch  b u t t e r f l y  va lve  bypassed by a 1.5 i n c h  g a t e  va lve  allowed 

the  r e g u l a t i o n  and c o n t r o l  of t h e  a x i a l  a i r .  The a x i a l  a i r  sys tem 

and c o n t r o l s  are shown i n  F igure  8. 

The 125 p s i g  t a n g e n t i a l  a i r  is  s u p p l i e d  by a s ix - inch  p ipe ,  

through an a i r  f i l t e r  and manual shut-off va lve  t o  a small s i z e  

plenum chamber, as shown i n  F igure  9. From t h e r e ,  t h e  h igh  p r e s s u r e  

a i r  is passed through t h r e e  s e p a r a t e  o r i f i c e  p l a t e s  and flow c o n t r o l  

va lves  t o  t h e  t h r e e  swi r l -gene ra t ing  manifolds. A schemat ic  diagram 

of t h e  o r i f i c e  runs is i nc luded  i n  Appendix D. The v a r i a t i o n  of 

mass flow rate through each o r i f i c e  p l a t e  ve r sus  t h e  p r e s s u r e  drop 

a c r o s s  them is measured and used i n  t h e  c a l i b r a t i o n  procedure f o r  

t o t a l  mass flow measurements. The c a l i b r a t i o n  curves f o r  t h e  

o r i f i c e  p l a t e s  are shown i n  F igu res  10-12. A d i f f e r e n t i a l  p r e s s u r e  

t r a n s d u c e r  is hooked up a c r o s s  each o r i f i c e  p l a t e  t o  measure 

p r e s s u r e  drop. 
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3.1.3 Excitation Section 

A c y l i n d r i c a l  s e c t i o n ,  which is i n s t a l l e d  downstream of t h e  

swirl g e n e r a t o r ,  houses f o u r  a c o u s t i c  d r i v e r s  and microphones which 

are e q u a l l y  spaced around t h e  circumference.  Each d r i v e r  is 

enclosed  i n  a s e a l e d  can and i s  vented t o  t h e  nozz le  t o  e q u a l i z e  

p r e s s u r e  a c r o s s  t h e  speake r  diaphragm. The d r i v e r s  have a r a t e d  

power of 40 w wi th  a f l a t  response over  a f requency  range of 500 Hz 

- 13 KHz. Each d r i v e r  is connected t o  a d u a l  channel A l t e c  Lansing 

100 w power a m p l i f i e r .  Amplitude and frequency of t h e  i n p u t  s i g n a l  

t o  t h e  f o u r  d r i v e r s  could be s e l e c t e d  by a va r iphase  tone  gene ra to r .  

3.1.4 Exit Nozzle 

Two convergent nozz les  wi th  e x i t  d iameters  of 11.43 cm (4.5 

i n . )  and 8.89 cm (3.5 i n . )  were used f o r  mean flow exper iments  and 

e x c i t a b i l i t y  tests, r e s p e c t i v e l y .  The nozz le  was l o c a t e d  downstream 

of t h e  e x c i t a t i o n  s e c t i o n  and was exhaus ted  t o  the tes t  cell .  A 

photograph of t h e  complete j e t  f a c i l i t y  i s  i l l u s t r a t e d  i n  F igu re  13. 

3.2 INS-NTATION 

3.2.1 Five-Hole P i t o t  Probe 

A f ive -ho le  p i t o t  probe is  des igned  and f a b r i c a t e d  t o  measure 

t h r e e  components of t ine  mean v e l o c i t y ,  mean flow angles, and s t a t i c  
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and t o t a l  p ressures .  

i n . )  a t  t h e  s e n s i n g  t i p  and is hook-shaped t o  a l low probe s h a f t  

r o t a t i o n  wi thout  a l t e r i n g  t h e  probe t i p  l o c a t i o n .  The probe has  a 

45 degree  cone ang le ,  and t h e  p r e s s u r e  p o r t s  are l o c a t e d  a t  t h e  

midspan of t h e  c o n i c a l  su r f ace .  Dimensions of t h e  probe are shown 

i n  F igure  14. It is c a r e f u l l y  c a l i b r a t e d  i n  a c a l i b r a t i o n  f a c i l i t y  

where p r e c i s e  nreasurements of t h e  f i v e  p o r t  pressures a t  a range of 

known f law ang les  are made and conver ted  t o  nondimensional 

parameters.  The c a l i b r a t i o n  procedure is d i scussed  i n  Appendix A. 

The probe has a d iameter  of 0.318 cm (0.125 

The probe w a s  mounted on an  L. C. Smith a c t u a t o r  which a l lowed 

probe s h a f t  r o t a t i o n  about its a x i s  f o r  n u l l i n g  i n  t h e  yaw 

d i r e c t i o n .  This w a s  performed a u t o m a t i c a l l y  by commands from a 

Validyne demodulator which tries t o  e q u a l i z e  p r e s s u r e s  a t  p o r t  

numbers 2 and 4 of t h e  probe. P o r t  p r e s s u r e s  were measured from t h e  

s i g n a l s  sent by a two-pound p r e s s u r e  t r a n s d u c e r  t o  a Fluke 

vol tmeter .  The d a t a  a c q u i s i t i o n  system and t h e  o p e r a t i n g  procedure  

are desc r ibed  i n  Sec t ions  3.2.5 and 4.1, r e s p e c t i v e l y .  

3.2.2 Bot-Uire &emomtry 

A l i m i t e d  q u a l i t a t i v e  tu rbu lence  d a t a  is obta ined  a long  t h e  j e t  

c e n t e r l i n e  by s t a n d a r d  h o t - w i r e  t echn iques  employing l i n e a r i z e d  

c o n s t a n t  tempera ture  anemometers. Only t h e  streamwise mean and 

tu rbu lence  i n t e n s i t y  are measured. Along t h e  j e t  axis,  t h e  

t a n g e n t i a l  and r a d i a l  components of mean v e l o c i t y  are assumed 

n e g l i g i b l e  compared t o  t h e  streamwise component; and t h e r e f o r e ,  t h e  

54 



r e s u l t s  from a s i n g l e  element hot - f i lm probe are assumed t o  

r e p r e s e n t  t h e  a c t u a l  streamwise components. The mean d a t a  o b t a i n e d  

by t h e  ho t - f i lm  probe are i n  reasonable  agreement wi th  t h e  f ive -ho le  

probe r e s u l t s .  

3.2.3 Microphone 

Cons ide r ing  t h e  same assumptions mentioned i n  S e c t i o n  3.2.2, 

t h e  o v e r a l l  sound p r e s s u r e  l e v e l  was a l s o  q u a l i t a t i v e l y  measured 

a long  t h e  j e t  c e n t e r l i n e  by means of a (B & K) condenser 

microphone. The microphone had an o u t s i d e  d i ame te r  of 0.635 c m  

(0.25 i n . )  and was f i t t e d  wi th  a nose cone. The sound p r e s s u r e  

l e v e l s  i n  t h e  power spectrum were measured r e l a t i v e  t o  20 ppa. 

3.2.4 Probe Positioninn 

As mentioned i n  S e c t i o n  3.2.1, t h e  f ive -ho le  probe could be 

r o t a t e d  around i ts  own s h a f t  a x i s  (yaw d i r e c t i o n )  by an L. C. Smith 

a c t u a t o r .  This  r o t a t i o n  could be performed by commands from t h e  

yaw-nulling mechanism as well as manually by t h e  keyboard c o n t r o l  

swi t ches .  

The above-mentioned a c t u a t o r ,  ho t - f i lms ,  and microphones were 

mounted on a t r a v e r s i n g  mechanism made by Kl inger .  The u n i t  a l l o w s  

s imul t aneous  t r a v e r s e s  i n  x, y, and z d i r e c t i o n s  w i t h  .003 c m  (.001 

i n . )  accuracy. 

computer and could a l s o  be performed manually by means of c o n t r o l  

The d i r e c t i o n  and s t e p  s i z e  were programmed i n  t h e  
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swi tches  of the  stepper motor c o n t r o l l e r .  The t r a v e r s e r  can be seen  

i n  F igure  13. 

3.2.5 - Data Acquisition System 

The schematic  diagrams of t h e  d a t a  a c q u i s i t i o n  set-up f o r  t he  

f ive-hole  p i t o t  probe measurenents and hot-wire anenometry are shown 

i n  F igures  15 and 16,  r e spec t ive ly .  The c e n t r a l  c o n t r o l l e r  f o r  t h e  

whole system was an 1IP-9836 computer, which was programmed t o  a c c e s s  

d i g i t a l  vo l tme te r s ,  relay swi t ches ,  s can iva lve ,  s i g n a l  ana lyze r ,  and 

t r a v e r s i n g  mechad.sm. 

For t h e  f ive-hole  probe measurenents,  a t  each measuring p o i n t ,  

t he  probe was allowed t o  be nu l l ed  i n  yaw t h e  d i r e c t i o n .  

ang le  was then recorded by averaging the  readout  of t he  L. C. Smith 

c o n t r o l l e r  meter which i n d i c a t e s  t h e  angu la r  r o t a t i o n  of t h e  probe 

about  i t s  own s h a f t  axis.  The f i v e  p o r t s  of the  probe were then 

scanned by t h e  s c a n i v a l v e ,  and the  time-averaged pressures were a l s o  

recorded. F i n a l l y ,  t h e  above recorded d a t a  were used by the  

computer t o  c a l c u l a t e  t h e  mean flow parameters by a p p l i c a t i o n  of t h e  

c a l i b r a t i o n  curves.  The c a l i b r a t i o n  procedure and computer programs 

are inc luded  i n  Appendices A and C,  r e s p e c t i v e l y .  

The yaw 

For hot - f i lm and microphone measurements, as  w e l l  a s  e x c i t a t i o n  

experiments ,  the  d a t a  a c q u i s i t i o n  system was i d e n t i c a l  t o  Reference 

[109]. 

t empera ture  anenometer through Fluke d i g i t a l  vo l tmeters .  

could be s t o r e d  and p l o t t e d  as mean v e l o c i t i e s  and t u r b u l e n t  

The HP computer could read the  s i g n a l s  from a DISA cons tan t -  

The d a t a  
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i n t e n s i t i e s .  Hot-wire c a l i b r a t i o n  procedure is d i scussed  i n  

Appendix B. Basic s i g n a l  p rocess ing  f u n c t i o n s  could be performed by 

a Wavetek model 804A s i g n a l  processor .  It could c a l c u l a t e ,  p l o t ,  

and s t o r e  power s p e c t r a ,  c r o s s  spectra,  and o t h e r  c o r r e l a t i o n  

f u n c t i o n s .  Layout of t h e  d a t a  a c q u i s i t i o n  system and 

i n s t r u m e n t a t i o n  i n  t h e  c o n t r o l  room is shown i n  F igure  17. 
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4, EXPERIMENTAL PROCEDURE 

4.1 MEANFLOWMEASUREMENTS 

Mean flow measurements were made by means of a f ive -ho le  p i t o t  

probe as desc r ibed  i n  S e c t i o n  3.2.1. Before each t e s t ,  a l l  s l g n a l  

c o n d i t i o n e r s  and the  Validyne demodulator were a d j u s t e d  f o r  no-f low 

cond i t ion .  The a i r  c o n t r o l  va lves  of t he  swirl gene ra to r  were t h e n  

opened enough so  t h a t  t h e  d i f f e r e n t i a l  p r e s s u r e  t r ansduce r s  a c r o s s  

t h e  o r i f i c e  p l a t e s  i n d i c a t e d  t h e  d e s i r e d  p r e s s u r e  drop co r re spond ing  

t o  a known mass flow r a t e .  The computer w a s  programmed t o  move the 

probe t o  t h e  d e s i r e d  measuring po in t  by means of a t r a v e r s i n g  

mechanism. A t  each p o i n t ,  t h e  probe was allowed a per iod  of 10 

seconds t o  be n u l l e d  a u t o m a t i c a l l y  i n  yaw d i r e c t i o n .  Then t h e  time 

averaged yaw ang le  was recorded by t h e  computer from t h e  ou tpu t  of a 

vo l tme te r  which was hooked up i n  s e r i e s  w i th  t h e  L. C. Smith 

a c t u a t o r  c o n t r o l l e r .  The s c a n i v a l v e  was then  a c t i v a t e d  through a 

r e l a y  a c t u a t o r  t o  scan  through t h e  f i v e  p o r t s  of t h e  probe o u t l e t .  

The time-averaged d i f f e r e n t i a l  p r e s s u r e s  were recorded from the  

s i g n a l s  of a two-pound p r e s s u r e  t r ansduce r .  The above i n f o r m a t i o n  

was used by t h e  computer t o  c a l c u l a t e  t he  mean flow c h a r a c t e r i s t i c s  

u s ing  c a l i b r a t i o n  informat ion .  C a l i b r a t i o n  curves and computer 

programs are inc luded  i n  Appendices A and C ,  r e s p e c t i v e l y .  
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4.2 FLUCTUATING FLOW HEASUREPIENTS 

As poin ted  out  i n  Sec t ion  3.2.2, l i m i t e d  q u a l i t a t i v e  tu rbu lence  

d a t a  were obta ined  a long  t h e  j e t  c e n t e r l i n e  us ing  s t anda rd  hot-wire 

techniques .  Only the  s t r e a n w i s e  turbulence  i n t e n s i t y  was measured 

by a s ing le-e lement  cons tan t - tempera ture  h o t - f i l n  probe. It was 

assumed t h a t  a long  t h e  j e t  a x i s ,  t h e  t a n g e n t i a l  and r a d i a l  v e l o c i t y  

components were n e g l i g i b l e  compared t o  the  streamwise component. 

Each day before  t h e  tes t ,  t he  TSI ho t - f i lm probe, t h e  DISA 

cons tan t - tempera ture  anemometer, t h e  UISA l i n e a r i z e r ,  and t h e  rest 

of t h e  c i r c u i t  were checked f o r  c a l i b r a t i o n .  The c a l i b r a t i o n  

procedure d e t a i l s  a r e  s p e c i f i e d  i n  Appendix B. 

I n  a t y p i c a l  t e s t  run invo lv ing  s i n g l e  hot - f i lm measurernents of 

t u rbu lence  i n t e n s i t i e s  and mean v e l o c i t i e s ,  t h e  fo l lowing  procedure  

was followed. The c o n t r o l  va lves  of t h e  s w i r l  g e n e r a t o r  manifolds 

were opened enough so t h a t  t h e  d i f f e r e n t i a l  p r e s s u r e  t r a n s d u c e r s  

a c r o s s  t h e  o r i f  i c e  p l a t e s  i n d i c a t e d  t h e  d e s i r e d  p r e s s u r e  drop 

cor responding  t o  a known mass flow rate. 

The hot - f i lm probe was then  mounted on t h e  t r a v e r s e r  and moved 

t o  t h e  d e s i r e d  l o c a t i o n .  The HP computer then  read a Fluke 

v o l t m e t e r  t o  determine t h e  dc and ac anemometer ou tput  vo l tages .  It 

then  time averaged t h e  dc and a c  s i g n a l s  s e p a r a t e l y  and conver ted  

them t o  mean and f l u c t u a t i n g  v e l o c i t i e s ,  r e s p e c t i v e l y .  

S imul taneous ly  a Wavetek model 804A s i g n a l  ana lyze r  could average  

and s t o r e  t h e  s p e c t r a  i f  needed. 
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4.3 OVERALL SOUND PBESSURE LEVEL HEASUREMENTS 

Before each tes t  run,  t he  microphone was c a l i b r a t e d  us ing  a 

(66K) pistonphone s o  t h a t  the  sound pressure l e v e l s  i n  t h e  power 

specLrum Mere r e l a t i v e  t o  20 LIPS. The pis tonphone genera ted  a 

frequency of 250 Hz a t  124 dB. The raicrophone was then mounted on 

t h e  t r a v e r s i n g  mechaiism and moved a long  the  j e t  ax i s .  The ou tpu t  

from t h e  microphone w a s  f e d  t o  the  s i g n a l  ana lyze r  through a BCK 

amp I i f i e r . 

4.4 EXCITABILITY EXPERIMENTS 

For e x c i t a t i o n  exper iments ,  procedures  s imi l a r  t o  those  of 

Reference [ 139) were followed. A IJavetek model 152 programmable 

va r iphase  t o m  g e n e r a t o r  was used as a source  of s e l e c t a b l e  wave 

forms. It could g e n e r a t e  s i n e ,  cos ine ,  t r i a n g l e ,  and squa re  wave 

forms of Erequencies  between one IIz and 100 KHz and ampl i tudes  from 

10 mv peak t o  9.99 v peak. Amplitude, phase,  and waveform f o r  each  

channel  could he independent ly  programmed. Frequency could a l s o  be 

programmed and a p p l i e d  t o  a l l  channels.  

A t  t h e  beginning of each test ,  t h e  Altec-Lansing power 

a m p l i f i e r s  were a d j u s t e d  manually t o  provide  t h e  d e s i r e d  v o l t a g e  

i i p u t  t o  t h e  a c o u s t i c  d r i v e r s ,  and t h e  ampli tude and frequency were 

se t  on t he  tone gene ra to r .  Basic s i g n a l  p rocess ing  f u n c t i o n s  could  

he performed by a Wavetek model 804A s i g n a l  processor  r e c e i v i n g  

s i g n a l s  from hot film and microphone. E x c i t a b i l i t y  experiments  were 
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conducted a t  c o n s t a n t  sound p r e s s u r e  l e v e l  of 126 dB as measured by 

a microphone a t  t h e  nozz le  e x i t .  

4.5 SUMMARY OF THE TESTS 

The f o l l o w i n g  measurements were made f o r  two flow c o n d i t i o n s  

having  equa l  s w i r l  numbers of 0.48 but with d i f f e r e n t  i n i t i a l  

t a n g e n t i a l  v e l o c i t y  d i s t r i b u t i o n s  : 

1) Mean flow measurements a long  t h e  j e t  a x i s  wi th  t h e  f i v e -  

h o l e  probe 

2)  R a d i a l  t r a v e r s e s  wi th  t h e  f ive -ho le  probe a t  t h e  fo l lowing  

downstream s t a t i o n s :  

x/D = 0.06, 0.5, 1.0, 1.5, 2.0, 2.5,  3.0, 3.5, 4.0, 

5.0, 6.0, 9.0, 10.5, 12.0 

3 )  Single-wire  ho t - f i lm  measurements a long  t h e  j e t  a x i s  

4 )  O v e r a l l  sound p r e s s u r e  l e v e l  measurements a long  t h e  j e t  

axis 

5) E x c i t a b i l i t y  exper iments  a long  t h e  j e t  a x i s  f o r  flows wi th  

s w i r l  nunbers of 0.35 and z e r o  (no s w i r l  c a s e )  

6 )  I n v e s t i g a t i o n  of the  e f f e c t  of s c reens  on mean 

c h a r a c t e r i s t i c s  of s w i r l i n g  flows a t  swirl numbers of 0.52 

and 0 . 3 4 .  
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5. RESULTS AND DISCUSSION 

Figure  17 is a d e f i n i t i o n  s k e t c h  showing the  c o o r d i n a t e s  u s e d  

i n  t h i s  r epor t .  For a complete l i s t  of s u b s c r i p t s ,  s u p e r s c r i p t s ,  

and a b b r e v i a t i o n s ,  t h e  l ist  of symbols should  be consul ted .  

5.1 SllSTW EVALUATION 

5.1.1 Instrumentation 

The rml t iho le-probe  t echn ique  has a l r eady  been proved by many 

i n v e s t i g a t o r s  t o  be an inexpens ive  and r e l i a b l e  method f o r  s w i r l i n g  

flow measurenents. References  [ l ,  1 2 ,  35,  and 471 are among t h e  

numerous s t u d i e s  which have used t h i s  method of measurement 

e x t e n s i v e l y  both  i n  conf ined  and f r e e  s w i r l i n g  flow f i e l d s .  

check t h e  accuracy  of t h e  f ive-hole probe technique ,  measurements 

are m d e  i n  an axisymmetric nonswi r l ing  free j e t ,  and t h e  r e s u l t s  

are compared wi th  those  of t h e  hot-wire anemometry i n  F igu res  18 and 

19. E x c e l l e n t  agreement between t h e s e  r e s u l t s  is observed up t o  a 

downstream d i s t a n c e  of about f o u r  nozz le  d iameters .  F u r t h e r  

downstream, less than  f i v e  pe rcen t  e r r o r  is no t i ced  i n  t h e  f ive -ho le  

probe r e s u l t s .  This  i s  t h e  n a t u r e  of a l l  p r e s s u r e  probes which l o s e  

t h e i r  s e n s i t i v i t y  i n  flow reg ions  wi th  low dynamic pressure .  

To 
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5.1.2 Swirl Generator 

C a p a b i l i t y  of t h e  j e t  f a c i l i t y  t o  g e n e r a t e  s w i r l i n g  flows a t  a 

wide range of swirl numbers was checked by making measurements w i th  

t h e  f ive-hole  p i t o t  probe. F igure  20 i l l u s t r a t e s  t h e  downstream 

development of t h e  mean c e n t e r l i n e  a x i a l  v e l o c i t y  a t  va r ious  s w i r l  

numbers. Rad ia l  d i s t r i b u t i o n  of t he  mean a x i a l  v e l o c i t y  a t  

x - 0.06D a t  t h e  sane  swirl numbers i s  p l o t t e d  i n  F igu re  21. These 

p l o t s  i l l u s t r a t e  t h e  flows wi th  swirl numbers ranging  from z e r o  (no 

s w i r l )  t o  i n  excess  of c r i t i c a l  s w i r l  number (SCrit = 0 .6 ) .  A s  t h e  

p r e s s u r e  probe technique  i s  not s u i t a b l e  f o r  r eve r sed  flow 

measurements, t h e  nega t ive  v e l o c i t i e s  are recorded as ze ro  by t h e  

computer and p l o t t e d  accord ingly .  For t h e  same reason ,  t h e  

c a l c u l a t i o n  of t h e  swirl number i n  t h e  presence of r eve r sed  flow was 

no t  poss ib l e .  From F igure  20 i t  is c l e a r  t h a t  f o r  a flow wi th  a 

swirl number beyond t h e  c r i t i c a l  s w i r l  number (S > 0.61, a v o r t e x  

breakdown reg ion  i s  developed from a downstream d i s t a n c e  of 

x - 2.OD to  x - 3.OD. F u r t h e r  i n c r e a s e  i n  s w i r l  number e n l a r g e s  t h e  

s i z e  of t he  r eve r sed  flow bubble and moves t h e  forward s t a g n a t i o n  

p o i n t  f u r t h e r  upstream and e v e n t u a l l y  i n s i d e  t h e  nozz le  as 

i l l u s t r a t e d  i n  F igures  22 and 23. As w i l l  be d i scussed  i n  Sec t ion  

5.2,  t h e  shape of i n i t i a l  t a n g e n t i a l  v e l o c i t y  d i s t r i b u t i o n  has  a 

s i g n i f i c a n t  e f f e c t  on t h e  va lue  of c r i t i c a l  s w i r l  number. As t h e  

i n i t i a l  s w i r l  p r o f i l e  changes from a fo rced  v o r t e x  type  towards f r e e  

v o r t e x  d i s t r i b u t i o n ,  t h e  c r i t i c a l  s w i r l  number g r a d u a l l y  reduces. 

Due t o  t h e  importance of v o r t e x  breakdown phenomenon i n  combustion 
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r e s e a r c h ,  f u r t h e r  experiments  a r e  scheduled t o  be m d e  u s i n g  laser 

Doppler velocimetry (L3V) measurements. The e f f e c t s  of a c o u s t i c  

e x c i t a t i o n  on t h e  v o r t e x  breakdown w i l l  a l s o  be i n v e s t i g a t e d .  

As mentioned b e f o r e ,  one of t h e  major o b j e c t i v e s  of t h i s  

i n v e s t i g a t i o n  was t o  s tudy  t h e  e f f e c t  of i n i t i a l  t a n g e n t i a l  v e l o c i t y  

d i s t r i b u t i o n  on the  clean e v o l u t i o n  of f r e e  s w i r l i n g  t u r b u l e n t  

jets.  

d i f f e r e n t  i n i t i a l  swirl p r o f i l e s  should be generated.  This  was t h e  

i d e a  behind t h e  des ign  and f a b r i c a t i o n  of our unique s w i r l  

genera tor .  F igure  24 i l l u s t r a t e s  two d i s t i n c t  t a n g e n t i a l  v e l o c i t y  

d i s t r i b u t i o n s  a t  s w i r l  nunber of 0.48 genera ted  i n  our f a c i l i t y .  

Both p r o f i l e s  r e p r e s e n t  Rankine type (combination f r e e  and f o r c e d )  

v o r t i c e s .  "he flow genera ted  by manifold A i s  dominated by t h e  

forced  vor tex  p a r t ,  whi le  t h e  one genera ted  by manifold C i s  

dominated by ics free v o r t e x  part .  

To do t h a t ,  f lows wi th  i d e n t i c a l  sdir l  numbers but having 

5.2 EFFECT OF I N I T I A L  MEAN TANGENTIAL VELOCITY DISTRIBUTION ON THE 
EVOLUTION OF FREE SWIRLING TURBULENT JETS 

5.2.1 Mean Flow F ie ld  
-----I- 

The exper imenta l  r e s u l t s  presented  i n  t h i s  s e c t i o n  are time- 

averaged d a t a  ga thered  from two s w i r l i n g  je ts  generated s e p a r a t e l y  

by maniEolds A and C. 

cons tan t  a t  0.43; and t h e  mass-averaged, raean a x i a l  Ffach number a t  

t h e  nozzle  e x i t  was 0.14. The Reynolds number based on t h e  m a n  

a x i a l  v e l o c i t y  and t h e  nozzle  d i a n e t e r  was, i n  both cases ,  375,000. 

The swirl number i n  both je ts  was he ld  
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The two extreme t a n g e n t i a l  v e l o c i t y  d i s t r i b u t i o n s  i n v e s t i g a t e d  

i n  our f a c i l i t y  are p l o t t e d  i n  F igu re  24. The v o r t e x  c o r e  s i z e  

gene ra t ed  by manifold C ,  a t  x/D = 0.06, is about a q u a r t e r  of t h e  

nozz le  ex i t  d i ame te r ,  wh i l e  t h a t  of manifold A spans t h e  f u l l  e x i t  

plane.  It is a l s o  noted t h a t  t he  c e n t e r  of t h e  smaller v o r t e x  is  

d i s p l a c e d  from t h e  nozz le  geometr ic  c e n t e r  by n e a r l y  0.1 D, a t  x/D = 

0.06, t he reby  l e a d i n g  t o  nonaxisymmetric flow cond i t ions .  This  

puzz l ing  behavior  was f u r t h e r  i n v e s t i g a t e d  by a l lowing  t h e  v o r t i c a l  

f l ow t o  emerge from t h e  nozz le s  of va r ious  l eng ths .  It w a s  noted 

t h a t  t h e  v o r t e x  co re  c e n t e r  d e s c r i b e d  a " h e l i c a l  path" as ev idenced  

by t h e  appearance  of t h e  v o r t e x  c e n t e r  above, below, and t o  t h e  s i d e  

of t h e  nozz le  a x i s .  A p l a u s i b l e  e x p l a n a t i o n  of t h i s  behavior  may be 

found i n  t h e  i n v i s c i d  flow theory  (see for example, Ba tche lo r ,  

Reference  [110]), which p r e d i c t s  a s p i r a l  motion for an  o f f - cen te red  

v o r t e x  f i l a m e n t  as i t  passes  through a c o n t r a c t i o n .  F igu re  25 

s c h e m a t i c a l l y  shows t h i s  phenomenon. I n  our case, i t  s e e m  t h a t  

manifold C is mounted s l i g h t l y  of f  c e n t e r ,  caus ing  t h i s  k ind  of 

behavior .  The c o n d i t i o n  of axisymnetry f o r  t h e  s w i r l i n g  j e t  

g e n e r a t e d  by manifold C i s  achieved  a t  x/D CJ 1.0, as w i l l  be 

d i s c u s s e d  la ter  i n  t h i s  s e c t i o n .  The f o r c e d  vo r t ex ,  i.e. t h e  s o l i d  

body r o t a t i o n  flow, produced by manifold A is axisymmetric as i t  

emerges from t h e  nozzle.  

The r a d i a l  d i s t r i b u t i o n  of mean a x i a l  v e l o c i t y  a t  t h e  nozz le  

ex i t  is shown i n  F igu re  26. It is t h e  n a t u r e  of v o r t i c a l  f l ows ,  i n  

g e n e r a l ,  which would not a l low f l a t - t o p  ax ia l  v e l o c i t y  p r o f i l e s  t o  
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be generated.  The d i f f e r e n c e s  i n  t h e  a x i a l  flow d i s t r i b u t i o n s  a t  

t h e  nozz le  e x i t  produced by manifolds A and C, a s  shown i n  F igu re  

26, could be d i r e c t l y  r e l a t e d  t o  t h e  s i z e  of t h e  v o r t e x  co res  

genera ted  by t h e s e  manifolds.  Furthermore,  t h e  cond i t ion  of near 

axisymmetry is observed f o r  t h e  s w i r l i n g  j e t  genera ted  by manifold 

A, whi le  t h a t  of manifold C is  s t i l l  asymmetric. 

An evidence of a very s t r o n g  inward (i .e.  n e g a t i v e )  r a d i a l  f low 

is revea led  i n  F igu re  27 for t h e  manifold-C-generated s w i r l i n g  

flow. F u r t h e r ,  t h e  magnitudes of t h e  r a d i a l  and a x i a l  v e l o c i t y  

components are comparable i n  t h i s  case i n  the  near  field. Hence, 

widely  accepted  boundary-layer-type approximation, i.e. V/U - O ( E ) ,  

made i n  t h e  t h e o r e t i c a l  a n a l y s i s  of r o t a t i n g  j e t s  is  i n v a l i d  i n  t h e  

nea r  f i e l d  of even moderately s w i r l i n g  j e t s  (e.g. w i th  S = 0.48). A 

n a n i f e s t a t i o n  of t h i s  assumption, Le .  V/U - O(s) ,  on t h e  r a d i a l  

momentum e q u a t i o n  l e a d s  t o  t h e  r a d i a l  e q u i l i b r i u m  c o n d i t i o n ,  i.e. 

which is a l s o  i n v a l i d  f o r  t h e  r o t a t i n g  f r e e  j e t s  of t h e  type  

gene ra t ed  by manifold C and dep ic t ed  i n  F igure  27. The d r i v i n g  

f o r c e  behind such a l a r g e  r a d i a l  i n f low is t h e  r a d i a l  s t a t i c  

p r e s s u r e  g r a d i e n t  a s s o c i a t e d  wi th  t h e  core  of such c o n c e n t r a t e d  

v o r t e x  f i l a m e n t s  i n d e n t i f y i n g  t h i s  as a pressure-dr iven  

phenomenon. The a x i a l  v e l o c i t y  peak observed i n  t h e  j e t  c e n t e r  ( s e e  

F i g u r e  26) is t h e  continuity-consequence of t h i s  r a d i a l  inflow. The 

flow gene ra t ed  by t h e  largest manifold,  i.e. A, expe r i ences  mild 
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r a d i a l  in f low and i s  axisymmetric. The r o t a t i n g  flow produced by 

the  s m a l l e s t  manifold,  i .e.  C ,  i s  asymmetric and, as shown i n  t h e  

l a t t e r  par ts  of t h i s  s e c t i o n ,  w i l l  remain asymmetric up t o  x/D = 1. 

F igure  28 r e v e a l s  a s t a t i c  pressure d e f i c i t  i n  t h e  co re  of t h e  

s w i r l i n g  j e t s ,  produced by manifolds A and C, x/D - 0.06. The dep th  

of t h e  p r e s s u r e  trough f o r  t h e  concen t r a t ed  v o r t e x  flow, i.e. t h e  

one genera ted  by manifold C ,  i s  n e a r l y  2.5 times t h a t  of t h e  l a r g e  

c o r e  v o r t e x ,  i .e.  due t o  manifold A. We a l s o  no te  t h e  s i m i l a r i t y  

between the  r a d i a l  v e l o c i t y  and t h e  s t a t i c  p r e s s u r e  p r o f i l e s  as 

p l o t t e d  i n  F igu res  27 and 28. Again, t h e  symmetry and l ack  of i t  

could be seen  i n  t h e  A- and C-generated f lows ,  r e s p e c t i v e l y .  

The a x i a l  e v o l u t i o n  of t h e  mean t a n g e n t i a l  v e l o c i t y  is p l o t t e d  

i n  F igu re  29 ( a )  and (b).  I n  p a r t  ( a ) ,  t h e  manifold-A-generated 

s w i r l i n g  flow i s  c l e a r l y  axisymmetric and shows a r ap id  decay wi th  

axial  d i s t a n c e .  Beyond f o u r  d i ame te r s ,  t h e  mean t a n g e n t i a l  v e l o c i t y  

i n  t h e  j e t  is so small as t o  make an a c c u r a t e  measurement wi th  t h e  

f ive -ho le  probes ques t ionab le .  The i n i t i a l  o f f s e t  between t h e  j e t  

and t h e  nozz le  geometr ic  c e n t e r  is c l e a r l y  v i s i b l e ,  i n  F igu re  9 ( b ) ,  

f o r  x/D < 1.0. Beyond one nozz le  d i ame te r ,  the two c e n t e r s  

co inc ide .  Moving towards t h e  c o n d i t i o n  of axisymmetry, i.e. t h e  

s e l f - c e n t e r i n g  a c t i o n  of t h e  j e t ,  i s  a n a t u r a l  tendency we observed 

i n  our experiments.  Comparison of p a r t s  (a) and (b)  of F igu re  29 

a l s o  r e v e a l s  t h a t  t he  concen t r a t ed  vo r t ex ,  i.e. due t o  manifold C, 

decays at  a s lower  rate than  t h e  solid-body r o t a t i o n  flow induced by 

manifold A, up t o  f o u r  nozz le  d iameters .  
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Widely d i f f e r e n t  ax i a l  e v o l u t i o n  of t h e  mean a x i a l  v e l o c i t y  

p r o f i l e s ,  f o r  t h e  two s w i r l i n g  jets genera ted  by manifolds A and C ,  

is noted from Figure  30 ( a )  and ( b ) ,  r e s p e c t i v e l y .  The l a r g e  core-  

v o r t e x  flow, i.e. ( a ) ,  shows a cont inuous  g radua l  decay of t h e  mean 

ax ia l  v e l o c i t y  component a long  t h e  je t .  The small core-vortex flow, 

i.e. ( b ) ,  demonst ra tes  a c e n t r a l  trough or a double-hump p r o f i l e  

a s s o c i a t e d  wi th  t h e  s w i r l  numbers h ighe r  than  0.48 (namely 0.6). 

The nean c e n t e r l i n e  v e l o c i t y  on t h e  j e t  a x i s ,  i.e. r / D  = 0, i n  p a r t  

( b )  shows a r a p i d  i n i t i a l  d e c e l e r a t i o n  fo l lowed by an a c c e l e r a t i o n  

period which has never been reported for S = 0.48 jets. Upon 

f u r t h e r  examination of t h e  mean a x i a l  v e l o c i t y  between t h r e e  and 

f o u r  d i ame te r s ,  w e  observed t h a t  t h e  small-core-vortex j e t  w i t h  S = 

0.48 w a s  on t h e  verge  of v o r t e x  breakdown, as shown i n  F igu re  31. 

The forward and rear s t a g n a t i o n  p o i n t s ,  both very c l o s e  t o  t h e  j e t  

ax is ,  e x h i b i t e d  an  uns teady  behavior ,  as had been noted i n  t h e  

earlier vo r t ex  breakdown experiments.  The f a c t  t h a t  a s w i r l i n g  j e t  

h a s  been brought t o  t h e  p o i n t  of breakdown a t  a s w i r l  number (i.e. 

0.48) s i g n i f i c a n t l y  lower than  t h e  c r i t i c a l  va lue  was assumed t o  be 

(i . e. ' c r i t  

i n v e s t  fga t ion .  

> 0.6) i s  t h e  nos t  r ena rkab le  r e s u l t  of our  mean-flow 

Downstream development of t h e  mean r a d i a l  v e l o c i t y  is shown i n  

F i g u r e  32. I n  p a r t  ( a ) ,  a very minor r a d i a l  i n f low is measared 

which qu ick ly  d i sappea r s  as t h e  j e t  evolves  i n  t h e  a x i a l  

d i r e c t i o n .  Tlie small core-vor tex  flow, i.e. (b ) ,  due t o  l a r g e r  

i n f low r a d i a l  v e l o c i t i e s ,  p e r s i s t s  longer  than  ( a )  and, a s  shown, 
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decays t o  n e a r l y  z e r o  r a d i a l  v e l o c i t y  i n  about f i v e  d iameters .  

mean s t a t i c  p r e s s u r e  d e f i c i t  i n  t h e  s w i r l i n g  j e t  w i t h i n  t h e  f i r s t  

t h r e e  d i ame te r s  of t h e  j e t  e v o l u t i o n  i s  p l o t t e d  i n  F igu re  33. The 

s t r o n g  adve r se  p r e s s u r e  g r a d i e n t  a long  t h e  j e t  ax is ,  measured f o r  

t h e  small core-vor tex  f low,  i.e. p a r t  ( b ) ,  i s  recognized  as t h e  

p r i n c i p a l  c o n t r i b u t o r  t o  t h e  onse t  of t h e  v o r t e x  breakdown, as noted  

i n  F igu re  31. The mean flow d a t a  f o r  10 r a d i a l  s t a t i o n s  i n  t h e  nea r  

f i e l d  of both flows (x < 5D) are t a b u l a t e d  i n  Tables  1 through 20. 

The decay of t h e  mean t a n g e n t i a l  v e l o c i t y  maximum wi th  a x i a l  

d i s t a n c e  i s  shown f o r  t h e  j e t s  genera ted  by manifolds A and C i n  

F igu re  34. The forced-vor tex  case, i.e. t h e  one produced by 

manifold A, e x h i b i t s  cont inuous  decay a long  t h e  j e t  wh i l e  t h e  small- 

c o r e  v o r t e x  i n i t i a l l y  deve lops  i n  an i r r e g u l a r  manner, a t  least  f o r  

x/D < 1.5, t hen  fo l lows  t h e  same t r e n d  as t h e  forced-vor tex  flow. 

Up t o  f o u r  d i ame te r s ,  t h e  mean t a n g e n t i a l  v e l o c i t y  maximum of t h e  

manif old-C-generated flow decays a t  a slower ra te  than  t h e  manifold- 

A-produced swirling j e t .  Beyond four diameters,  the t a n g e n t i a l  

speeds  are very small, and i d e n t i c a l  behavior  is  measured f o r  t h e  

two jets. 

The 

F igu re  35 shows t h e  cont inuous  decay of t h e  mean a x i a l  v e l o c i t y  

maximum a long  t h e  j e t  axis f o r  a downstream d i s t a n c e  of twelve  

nozz le -ex i t  d iameters .  The two j e t s  behave i n  a very similar 

manner; however, t h e  small-core-vortex j e t  decays f a s t e r  t han  t h e  

fo rced -vor t ex  flow. F i n a l l y ,  t h e  decay of t h e  mean a x i a l  v e l o c i t y  

a long  t h e  j e t  a x i s  i s  p resen ted  i n  F igure  36. The s w i r l i n g  j e t  
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produced by manifold C is on t h e  verge of breakdown, wh i l e  t h a t  of 

manifold A e x h i b i t s  c l a s s i c a l  behavior  f o r  t h i s  l e v e l  of swirl 

number, i.e. 0.48. Mean flow d a t a  a long  t h e  j e t  c e n t e r l i n e  a r e  

t a b u l a t e d  i n  Tables  21 and 22. 

5.2.2 Fluctuating Flow F i e l d  

As mentioned i n  Sec t ions  3.2.2 and 3.2.3, s t r e a n w i s e  t u r b u l e n c e  

i n t e n s i t y  and o v e r a l l  sound p r e s s u r e  l e v e l  were measured a long  t h e  

j e t  c e n t e r l i n e  w i t h  a s ingle-e lement  hot - f i lm probe and a B&K 

microphone, r e s p e c t i v e l y .  Along t h e  j e t  a x i s ,  t h e  t a n g e n t i a l  and 

r a d i a l  components of mean v e l o c i t y  are n e g l i g i b l e  coinpared t o  t h e  

streamwise component; and t h e r e f o r e  t h e  r e s u l t s  from a s i n g l e -  

element ho t - f i lm  probe are assumed t o  r e p r e s e n t  t h e  a c t u a l  

streamwise va lues .  The v a l i d i t y  of t h e  above assumption i s  shown i n  

F i g u r e  37 where t h e  r e s u l t s  of t h e  ho t - f i lm  and f ive -ho le  probe 

measurements a long  t h e  j e t  c e n t e r l i n e  are compared and observed t o  

be i n  e x c e l l e n t  agreement i n  t h e  near f i e l d  (x < 4D). 
Streamwise tu rbu lence  i n t e n s i t i e s  and o v e r a l l  sound p r e s s u r e  

l e v e l s  are t a b u l a t e d  i n  Tables 23-25 and are compared f o r  t h e  two 

cases  i n  F igu res  38 and 39, r e s p e c t i v e l y .  As can be seen  from t h e s e  

f i g u r e s ,  t h e  flow gene ra t ed  by manifold C has m c h  larger tu rbu lence  

i n t e n s i t i e s  and h i g h e r  OASPL than  t h e  f l w  genera ted  by manifold A 

i n  t h e  near  f i e l d .  
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5.3 EXCITABILITY EXPERIMENTS 

One of t h e  o b j e c t i v e s  of t h e  p r e s e n t  i n v e s t i g a t i o n  was t o  

o b t a i n  a b a s i c  unde r s t and ing  of t h e  response  of co ld  s w i r l i n g  

t u r b u l e n t  f r e e  jets t o  a c o u s t i c  e x c i t a t i o n .  To our  knowledge, t h i s  

i s  t h e  f i r s t  a t t empt  t o  s tudy  t h e  e f f e c t  of e x c i t a t i o n  on a s w i r l i n g  

j e t .  As a f i r s t  s t e p ,  a f r e e  s w i r l i n g  t u r b u l e n t  j e t ,  w i th  a s w i r l  

number of 0.35, i s  e x c i t e d  i n t e r n a l l y  by p l ane  a c o u s t i c  waves; and 

t h e  r e s u l t s  are compared wi th  a s imilar  j e t  wi thout  s w i r l .  Only 

expe r imen ta l  r e s u l t s  are p resen ted  i n  t h i s  paper ,  and f u r t h e r  

s t u d i e s  are needed t o  unders tand  t h e  mechanism of i n t e r a c t i o n .  

For both t h e  s w i r l i n g  and nonswir l ing  j e t s  under i n v e s t i g a t i o n ,  

t h e  mass flow rate  is he ld  approximately cons t an t  a t  about 0.64 

k g j s e c  (1 .4 l b s / s e c ) .  

w i t h  an  o r i f i c e  meter, whi le  t h a t  of t h e  nonswi r l ing  j e t  was based 

on t h e  area i n t e g r a l  of t h e  a x i a l  v e l o c i t y  p r o f i l e  a t  t h e  n o z z l e  

e x i t .  The Mach and Reynolds numbers based on uass-averaged a x i a l  

The s w i r l i n g  j e t  mass flow rate was measured 

v e l o c i t y  a t  t h e  nozz le  e x i t  are 0.26 and 5.8 x 10 5 , r e s p e c t i v e l y .  

The s w i r l i n g  j e t  has a s w i r l  number of 0.35. 

The r a d i a l  d i s t r i b u t i o n s  of t h e  time-mean axial  v e l o c i t y ,  

measured a t  x = O.O6D, f o r  t h e  s w i r l i n g  and nonswi r l ing  je ts  is 

p l o t t e d  i n  F igu re  40. 

d e v i a t e s  from t h e  f l a t - t o p  shape of t h e  nonswi r l ing  j e t  as 

expec ted .  The r a p i d  expans ion  of t h e  s w i r l i n g  j e t  is  a l s o  

n o t i c e a b l e  i n  t h i s  f i g u r e .  The time-mean t a n g e n t i a l  v e l o c i t y  

d i s t r i b u t i o n  a t  x = 0.06D f o r  t h e  s w i r l i n g  j e t  i s  shown i n  F igu re  

The form of t h e  p r o f i l e  f o r  t h e  s w i r l i n g  j e t  

7 1  



41. The d i s t r i b u t i o n  is in t h e  form of a Rankine-type v o r t e x  

(combined f r e e  and f o r c e d  vo r t ex ) .  The geomet r i ca l  and t h e  j e t  a x i s  

c o i n c i d e  from x/D = 1.0. The decay of time-mean a x i a l  v e l o c i t y  

component a long  t h e  j e t  c e n t e r l i n e  f o r  both flows i s  p l o t t e d  i n  

F igu re  42. The l e n g t h  of p o t e n t i a l  co re  i s  about fou r  d i ame te r s  f o r  

t h e  nonswir l ing  je t .  I n  t h e  case of t h e  s w i r l i n g  j e t ,  t h e  decay of 

t he  tine-mean a x i a l  v e l o c i t y  s t a r t s  from t h e  nozz le  e x i t .  

To examine t h e  e f f e c t  of e x c i t a t i o n  on t h e  s w i r l i n g  j e t  and 

compare wi th  t h e  e x c i t e d  nonswir l ing  j e t ,  both flows are e x c i t e d  

i n t e r n a l l y  by plane acoustic waves upstream of t h e  nozz le  i n l e t .  To 

i s o l a t e  t h e  e f f e c t  of e x c i t a t i o n  f requency ,  t h e  sound p r e s s u r e  l e v e l  

i s  kep t  cons t an t  a t  126 dB f o r  both jets a t  a l l  e x c i t a t L o n  

f r e q u e n c i e s ,  measured a t  t h e  c e n t e r  of t h e  nozz le  e x i t .  

F i g u r e s  43 and 44 i l l u s t r a t e  t h e  growth of t h e  i n s t a b i l i t y  

waves t r i g g e r e d  a t  d i f f e r e n t  e x c i t a t i o n  f r e q u e n c i e s  f o r  t h e  

nonswi r l ing  and s w i r l i n g  j e t s ,  r e s p e c t i v e l y .  It i s  observed t h a t  

t h e  s w i r l i n g  j e t  under i n v e s t i g a t i o n ,  as # e l l  as t h e  nonswi r l ing  

j e t ,  is e x c i t a b l e  by p lane  a c o u s t i c  waves. A t  equa l  e x c i t a t i o n  

f r e q u e n c i e s ,  t h e  i n s t a b i l i t y  waves grow about 50 pe rcen t  less i n  

peak rm ampl i tude  i n  t h e  s w i r l i n g  j e t ,  as compared t o  t h e  

nonswir l ing  j e t .  This  d i f f e r e n c e  is not unexpected, as l i n e a r  

i n s t a b i l i t y  theory  s ta tes  t h a t  t h e  s t a b i l i t y  of t h e  f r e e  s h e a r  

l a y e r s  depends upon t h e  d e t a i l e d  v e l o c i t y  d i s t r i b u t i o n s .  Here w e  

are d e a l i n g  wi th  two jets which are e n t i r e l y  d i f f e r e n t  

v e l o c i t y  and p r e s s u r e  d i s t r i b u t i o n s  a r e  concerned. It 

as f a r  as 

i s  also 
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expec ted  t h a t  t h e  growth of t h e  i n s t a b i l i t y  waves should a l s o  depend 

upon t h e  s w i r l  number which a f f e c t s  t h e  v e l o c i t y  and p r e s s u r e  

d i s t r i b u t i o n s .  

For t h e  nonswir l ing  j e t ,  t h e  l o c a t i o n  of t h e  naxirnun growth of 

t h e  i n s t a b i l i t y  waves i s  approximate ly  a t  t h e  end of t h e  p o t e n t i a l  

co re  (x = 4.OD). This  i s  i n  agreement with the  o b s e r v a t i o n  i n  t h e  

l i t e r a t u r e  t h a t  t h e  axisymmetric d i s t u r b a n c e s  achieve  t h e i r  peak 

ampl i tude  near t h e  end of t he  p o t e n t i a l  co re  (e.g. Ref. [ l l l ] ) .  For 

t h e  s w i r l i n g  jet, t h e  p o t e n t i a l  core  does not e x i s t  and t h e  maximum 

growth occurs  a t  about x = 2.5D. This  l o c a t i o n  should a l s o  depend 

on swirl number. 

The v a r i a t i o n  of t h e  peak rms amplitude of t h e  a x i a l  v e l o c i t y  

f D) f l u c t u a t i o n s  on t h e  j e t  a x i s  ve r sus  t h e  S t r o u h a l  number (S t  = --- 
a 

i s  p l o t t e d  i n  F igu re  45. From t h i s  f i g u r e  i t  i s  observed t h a t  t h e  

maximum growth of t h e  i n s t a b i l i t y  wave is  measured a t  a S t r o u h a l  

number of 0.4, based on mass-averaged a x i a l  v e l o c i t y  a t  the  nozz le  

ex i t  f o r  both cases. This is i n  agreement wi th  t h e  r e s u l t s  quoted  

i n  t h e  l i t e r a t u r e  f o r  t h e  nonswir l ing  axisymmetric je ts  (Ref. 

[791) .  

p r e f e r r e d  S t r o u h a l  number r e q u i r e s  f u r t h e r  i n v e s t i g a t i o n .  

U 

For t h e  s w i r l i n g  j e t s ,  t h e  e f f e c t  of swirl s t r e n g t h  on t h e  

Even though s i g n i f i c a n t  improvement i n  j e t  mixing, as a r e s u l t  

of e x c i t a t i o n ,  i s  measured i n  our f a c i l i t y  f o r  nonswi r l ing  j e t s  

(Ref. [1091), no change i s  observed i n  the  mean v e l o c i t y  components 

of t h e  s w i r l i n g  j e t  due t o  e x c i t a t i o n .  Two p l a u s i b l e  e x p l a n a t i o n s  

may be forwarded, namely: a )  The presence  of s t r o n g  s t a t i c  p r e s s u r e  
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g r a d i e n t s  i n  t h e  near f i e l d  of a s w i r l i n g  j e t  (wi th  moderate t o  

s t r o n g  s w i r l )  overwhelms t h e  turbulence-induced shea r  l a y e r  growth, 

and b) h ighe r  i n i t i a l  t u rbu lence  l e v e l  of t h e  s w i r l i n g  j e t  as 

compared t o  i t s  nonswir l ing  coun te rpa r t  dampens the  growth of t h e  

s h e a r  l a y e r  i n s t a b i l i t y  wave. The e f f e c t  of co re  tu rbu lence  

i n t e n s i t y  on the  mixing and e x c i t a b i l i t y  of an axisymmetric,  

nonswi r l ing  co ld  f r e e  j e t  is examined by Raman e t  al. (Ref. [ 1 1 2 1 ) ,  

which suppor t s  our argument. E x t e r n a l  e x c i t a t i o n  by h e l i c a l  waves 

w i t h  a more powerful e x c i t a t i o n  device  nay be b e n e f i c i a l .  

It should be noted t h a t  as t h e  s w i r l  number exceeds the 

c r i t i c a l  va lue  of 0.60, o r  as t h e  i n i t i a l  t a n g e n t i a l  v e l o c i t y  

d i s t r i b u t i o n  approaches a f r ee -vor t ex  p r o f i l e ,  a r e c i r c u l a t i n g  zone 

s t a r t s  t o  develop and t h e r e f o r e  d r a s t i c  changes i n  t h e  response  due 

t o  e x c i t a t i o n  are expected. 

5.4 EFFECT OF SCREEN 

The e f f e c t  of s c r e e n  on t h e  s w i r l i n g  flow is  i n v e s t i g a t e d  by 

p l a c i n g  d i f f e r e n t  s c r e e n s  upstream from an 8.89 cm (3.5 i n )  d i ame te r  

e x i t  nozzle. Two flows were compared f o r  t h e  e f f e c t  of s c r e e n  as 

fo l lows:  

a )  A flow wi th  s w i r l  number of 0.52 and having an i n i t i a l  

swirl p r o f i l e  of Rankine-type v o r t e x  dominated i n  t h e  f r e e  

v o r t e x  part (having small v o r t e x  c o r e )  genera ted  by 

manifold C. 
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b)  A flow wi th  s w i r l  number of 0.34 and having an i n i t i a l  

swirl p r o f i l e  of Rankine-type v o r t e x  dominated i n  t h e  

f o r c e d  vo r t ex  p a r t  (having l a r g e  v o r t e x  c o r e )  gene ra t ed  by 

manifold A. 

The s c r e e n s  t e s t e d  were 50 x 50, 30 x 30, 6 x 6, and 4 x 4 mesh 

s t anda rd  sc reens .  The pe rcen t  r educ t ion  i n  swirl  number is  

t a b u l a t e d  i n  t h e  fo l lowing  t a b l e :  

Screen Mesh S i z e  Swi r l  Number Percent  Reduction i n  Swirl Number 

0.52 46% 

0.34 53% 
................................................. 50 x 50 

From t h e s e  r e s u l t s  i t  is observed t h a t  t h e  e f f e c t  of s c r e e n s  is  more 

pronounced on t h e  flow wi th  lower s w i r l  number i n  a l l  cases. This 

can be as a r e s u l t  of t h e  i n i t i a l  swirl d i s t r i b u t i o n s  of t h e  f lows  

under  i n v e s t i g a t i o n .  It seems t h a t  t h e  s w i r l i n g  j e t  wi th  smaller 

s i z e  v o r t e x  co re  can p e n e t r a t e  through t h e  screens wi th  less 

r e d u c t i o n  of i t s  swirl number. 
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6. SUHMdBp AND CONCLUSIONS 

The fo l lowing  summarizes t h e  n a j o r  conclus ions  of our  

exper imenta l  i n v e s t i g a t i o n :  

a. 

b. 

C .  

d. 

e.  

C &. 

I n i t i a l  development of a subsonic  s w i r l i n g  f ree  j e t  is 

dominated by t h e  nozzle  e x i t  t a n g e n t i a l  v e l o c i t y  

d i s t r i b u t i o n .  

Vortex breakdown i n  s w i r l i n g  j e t s  may occur a t  

s i g n i f € c a n t l y  lower swirl numbers than  have p r e v i o u s l y  

been r e p o r t e d ,  i.e. Scrit  < 0.6. 

Large r a d i a l  inflows will make a boundary-layer-type 

approximation,  i.e. V / U  - O ( e ) ,  and i t s  subsequent  r a d i a l  

e q u i l i b r i u m  c o n d i t i o n  i n v a l i d  i n  t h e  near  f i e l d  of t h e  

j e t s  with moderate t o  s t r o n g  swirls. 

Reducing t h e  s i z e  of t h e  v o r t e x  c o r e  i n  a s w i r l i n g  j e t  

creates a h i g h e r  swirl-number e f f e c t  on t h e  mean f low.  

Reducing t h e  s i z e  of t h e  v o r t e x  co re  i n  a s w i r l i n g  jet  

c r e a t e s  h i g h e r  streamwise t u r b u l e n c e  i n t e n s i t i e s  and 

h i g h e r  o v e r a l l  sound p r e s s u r e  l e v e l s  along t h e  j e t  a x i s  i n  

t h e  near  f i e l d  (x < 4D). It a l s o  causes  t h e  s w f r l i n g  j e t  

t o  p e n e t r a t e  s c r e e n s  wi th  less r e d u c t i o n  of i t s  s w i r l  

numbe r. 

The co ld  t u r b u l e n t  s w i r l i n g  f r e e  j e t  under i n v e s t i g a t i o n  

(S = 0.35) i s  found t o  be e x c i t a b l e  by plane  a c o u s t i c  

waves. .4t a c o n s t a n t  e x c i t a t i o n  sound p r e s s u r e  l e v e l  of 

126 dB, t h e  growth of t h e  s h e a r  l a y e r  i n s t a b i l i t y  waves 
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depends on t h e  e x c i t a t i o n  frequency. These waves grow 

about 50 percent  less i n  peak rms-amplitude; and t h e  

downstream l o c a t i o n  of t h e i r  maximum growth is  f u r t h e r  

upstream for t h e  s w i r l i n g  j e t  under i n v e s t i g a t i o n ,  

compared t o  a nonswi r l ing  j e t  with t h e  same a x i a l  IMSS 

f l u x .  Maximum growth of i n s t a b i l i t y  waves i s  observed a t  

S t r o u h a l  number of 3.4 f o r  both s w i r l i n g  and nonswir l ing  

j e t s  (based on mass-averaged a x i a l  v e l o c i t y ) .  I n  s p i t e  of 

t h e  growth of i n s t a b i l i t y  waves, so f a r  no change i n  t h e  

mixing of t h e  s w i r l i n g  j e t ,  as a r e s u l t  of e x c i t a t i o n ,  has 

been observed. 
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7. RECOMMENDATIONS FOR FUTURE WRK 

7-1  SWIRLING FLOW INVESTIGATION 

1. 

2. 

3. 

4 .  

A complete se t  of t u rbu lence  d a t a  t o  supplement t he  e x i s t i n g  

mean d a t a  w i l l  g ive  more i n s i g h t  i n t o  t h e  observed phenomenon. 

App l i ca t ion  of t h e  n o n i n t r u s i v e  laser anemonetry is i d e a l  f o r  

t h i s  complicated flow f i e l d  and p e r m i t s  making measurements i n  

areas with r eve r sed  flows. Vortex breakdown phenomena can a l s o  

be s t u d i e d .  

Some s o r t  of flow v i s u a l i z a t i o n  w i l l  g ive  v i s u a l  i d e a s  of 

e x a c t l y  what is happening in the  f l o w  f i e l d ,  what t o  expec t  

from t h e  d a t a ,  and where t o  c o n c e n t r a t e  most of t h e  

measure men t s . 
Comparison of measured j e t  e v o l u t i o n  wi th  t h e  p r e d i c t i o n s  of a 

r e l i a b l e  computer code p e r m i t s  parametric s tudy  of t h e  flow and 

h e l p s  ana lyz ing  t h e  observed phenomenon. 

7.2 ACOUSTIC EXCITATION 

From t h e  r e s u l t s  of t h i s  experiment,  i t  seems t h a t  even though 

t h e  i n s t a b i l i t y  waves grow i n  t h e  s w i r l i n g  j e t  under I n v e s t i g a t i o n ,  

no e f f e c t  on j e t  mixing is  not iced .  The fo l lowing  improvements i n  

t h e  exper imenta l  f a c i l i t y  may be b e n e f i c i a l .  

1 )  Moving t h e  l o c a t i o n  of t h e  a c o u s t i c  d r i v e r s  t o  t h e  

downstream of t h e  nozz le  e x i t  ( e x t e r n a l  e x c i t a t i o n )  which 

resul ts  i n  h ighe r  e x c i t a t i o n  amplitude and a l s o  a l lows  

h e l i c a l  mode of e x c i t a t i o n .  
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2 )  Using more powerful e x c i t a t i o n  devices.  

3 )  I n s t a l l a t i o n  of an a c o u s t i c  t r ea tmen t  s e c t i o n  i n  t h e  

plenum tank  upstream of t h e  swirl gene ra to r .  

The above improvements a r e  being implemented i n  our j e t  

f a c i l i t y ,  and ano the r  s e r i e s  of e x c i t a t i o n  exper iments  w i l l  be 

conducted s h o r t l y .  

We a l s o  i n t e n d  t 9  implement t h e  fo l lowing  measurements i n  o r d e r  

t o  assess t h e  s w i r l i n g  j e t  e x c i t a b i l i t y  more thoroughly :  

1 )  r m s  ampl i tude  based on t o t a l  f l u c t u a t i n g  v e l o c i t y  w i l l  be 

measu r e d  . 
2 )  Hot-wire o r  laser s p e c t r a  t o  i n d i c a t e  t h e  e f f e c t  of 

e x c i t a t i o n  on broadband tu rbu lence  w i l l  be s t u d i e d .  

Of cour se ,  h igh  i n i t i a l  t u rbu lence  l e v e l s ,  i n  t h e  case of 

s w i r l i n g  j e t ,  i s  ano the r  f a c t o r  which reduces t h e  e f f e c t i v e n e s s  of 

e x c i t a t i o n  i n  improving t h e  n i x i n g  r a t e .  This  problem remains 

unsolved because any a t t e m p t  t o  reduce t h e  tu rbu lence  l e v e l  

a u t o m a t i c a l l y  reduces the  s w i r l  number as w e l l .  
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Table 1: Xean Flow Data a t  x/D - .06; 14AN(A) 

W 

P s i g  deg. deg .  f p s  f P s  f P s  

. 1  

.i 

. .a 

. J  

c . -1 

. c. 

1 

1 . i: 



Table 2: Mean Flow Data a t  x/D = .06; w ( C )  

I 

B 6 U V W 

Ps ig  deg . deg. f PS f PS f p s  

I 
x/D 

i 
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Table 3: Mean Flow Data a t  x/D = . 5 ;  W ( A )  

x/D P" 0 U V w 

Psig deg. deg. f Ps fPS f PS 
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Table 4: Mean Flow Data at  x/D = . 5 ;  MAN(C) 

x/D ps 8 6 U V W 

PS ig deg. deg. f Ps f PS f PS 
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T a b l e  5: Mean Flow Data a t  x/D = 1; MAN(A) 

x/D 0 6 U V W 

P S h  deg  deg .  fPs fPs f Ps 

0 

. 1  

. 3 

. 4  

. 5  

7 c  
. I 3  

1 

1.25 

1 . 5  

1 .75  

2 

2 - 2 5  

2 . 5  

h 7 c c;. i . J  

3 

3.25 

-. 165 -1 .82  

-. 158 - 5 . 0 5  

-. 162 -7  I .  93 

- .159 # -1ci.3 

- 2 . 2 5  

- 1 . 4 9  

-1 .91  

- 1 . 7  

- 1 .  '39 ' 

-1 .82  

-. 0132 

1 .31  

2 . 5 3  

3.98 

5 . 7 1  

7 . 0 8  

7 . 7 7  

9.88 

30.2 

7 . 9 1  

- 9 . 5 2  

195 

191 

19% 

190 

188 

184 

17.3 

161 

147 

135 

121 

108 

90 .8  

6 8 . 7  

4 6 . 6  

2 3 . 2  

6 . 2 1  

-7 .64  

-4.98 

- 6 . 4 5  

- 5 . 7 6  

-4.6-3 

-3.44 

-. 0438 
4 . 2 7  

8 .16  

11.8 

1 5 . 2  

16.4 

14.3 

14  

9 . 9 5  

4 . 4 8  

- 1 . 2 5  

6 .18  

1 6 . 8  

36.6 

47.8 

5 7 . 3  

7 8 . 3  

9 4 . 9  

4 . 1 1  
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Table 6: Mean Flow Data a t  x/D 1; MAN(c) 

. 7 5  -. 1 4 4  -33.6 -. 116 167 -. 487 1 1 1  

1 -. 8963 -32 .7  3 .36  157 18.13 1 [l Cl 

.> .- 1.25 -. 8673 -31.4 5.89 1 4 9  18.1 - -. '-. 

2 -. 8198 - &e. 7. ,- 5 10.8 131 28 6 5 .  :. 
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Table 7: Mean Flow Data a t  x/D = 1.5;  MAN(A) 

x/D B 6 U V W 

Psig deg. deg. f Pa - f p s  f PS 

1.75 -. 042  -33.2 5.47 115 13.1 7 4 . 9  

3 3 . 8  6.6 28.3 3.25 . 8 0 9 8 1 .  -31 9.51 

3.5 .El129 - :30.4 7 .4  19.8 2.98 11.6 

3,75 ,8145 -30.5 - 4 8  5.13 -5.86 3 . 0 6  

5.85 .016 - :I: 2 , 2 0 8 8 8 
* * , Y + , * * Y * t + + * , , * * * * * Q * * * * * ~ * * ~ . . . .  * c * * + * Q Q * * * * * + ~ * * ~ ~ * ~ * * ~ * + ~ ~ + * + * ~  

MASS FLOW RATE = 1.61 LtrS..~'Sec. 
MFlCH NO. ( B a s e d  On Average A x i  a1 V a l  oc i t . y > =  .063 
REYNOLDS t4b. = 165469 
AVERFlGE A X I A L  V E L O C I T Y  = 7 0 . 6  fps  
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Table 8: Mean Flow Data at x/D = 1.5; MAN(C) 

. 
B 6 U V W 

Psig deg . deg. f PS f Ps f Ps 

I 
X/D 

~ 

- - *  c-) 0 -. 3 3 3  .771 - 2 6 . 4  141 -94.7 L. - 1 1  

. 1  

.2 

. 3  

.4 

. 5  

, 7 5  

1 

1.25 

- 3 5 3 -. 277 .-. . .2 

-. 269 -40.6 

-. 143 -42.1 

-. 113 -42.5 

-. 0724 -38 

-27 

-23.1 

-17.6 

- 1 4  . .  

-18.7 

-5.48 

-1.55 

2.17 

184 

1 S6 

177 

170 

166 

134 

128 

123 

-965.1 

-86.2 

-65.8 

-52 

-41.2 

-17.3 

-4.7 

5.44 

4 2 . 2  

78.7 

187 

1.1 

142 

121 

117 

9 6 . 3  

1.5 -, 8364 -33.5 6.17 112 14.5 74 .1  

1.75 -. 038 1 -30.5 6.37 120 15.5 7 0 . 4  

-25.9 4.48 116 21.5 5 6 . 3  2 -, 0222 

2 - 2 5  -. 88772  -24.1 11.6 109 24.4 4E. r; 

2.5 - .08261 -21.2 12.8 102 24.8 39.5 

9.85 47.1 18 36.5 

3 .BO416 -20.8 13.6 73 18.9 27.7 

2.75 -. 00934 -20.6 

3.25 .E10536 - '  -22.5 18.2 52.5 10.2 21.8 

3.5 ,061755 -24.3 5.8 39 4.35 17.6 

3.75 .8113 -28.8 .3 23.1 .138 12.7 

3.85 ,0157 -38.2 -6.87 3.04 -. 424 1.77 

3.45 .a157 -31.8 0 0 0 0 
* * * + W * * * * ~ * * * * * * * * * * * * * * * * * * * ~ * * s * * * ~ * * * * * * * * * ~ * ~ * * * * * ~ * * * * * * * ~ *  
t ~ s s  FLOW &TE = 1.91 L ~ W S ~ C .  
MACH NO. (Based On Auarage A x i s 1  Velocity)= .07 
R E Y N O L D S  N O .  = 186328 
RVERFiCE A X I A L  V E L O C I T Y  = 79.5 f'ps 
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Table 9: Mean Plow Data a t  x/D = 2; MAN(A) 1 

L 

. 

P S U  deg. deg. f Pa f PS f PS 
_ _ _ _ _ ~ ~  ~~~ ~~ 

8 -. 8917 -2.53 1.3 163 3.69 7.15 

-, 0873 -7.93 1.52 154 4.25 22.1 

. 3  -. E1878 -18.9 1.88 168 5.34 '38.8 

. 2  . 

6'3 .7  1.25 -. 8473 -27.6 4 .72  122 11.4 

1.5 -, a:3g 1 -25.2 J. '36 111 11.8 59 .  t; 

-. 8175 -28.3 6.13 91.4 11.7 43.2 - 

3.5 .06571 -27.7 6. b 8  '37. '3 5 .  17 19.4 

4.25 . 8166  -::0.5 0 8 0 8 
*: it ~ 

~ ~ * * * * * * * *9 * ~ * ** * * * * * * *+ + + * * * + * * * * * t * ,+*r***~**Qf**+**+*+ :. .. .. .. .. . 
MASS FLOW R'ATE = 1.74 LbS..'Scc. 
PlACH EIO. CEi.sed On 1 3 v e r . q ~  A x i  a1 V c  1 oc i ty)= .848 
REYt4OLDS NO.= 127831 
AVERAGE A X I R L  VELOCITY = 5 4 . 2  f p s  
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I 

Table 10: Mean Flow Data at x/D 2; MAN(C) 
6 

I . .' c B 6 U V W I I x/D pf4 

I fPS P s i g  deg .  deg .  f Ps f Pa 

0 

. 1  

.2 

- 3  

. 4  

.s 

.75 

1 

1.25 

1.5 

1.75 

2 

2.25 

2.5 

2.75 

3 

3.25 

3.5 

3\ 75 

4 

-. 192 -. 172 

-. 183 -8.93 

-. 199 -21.9 

-. 217 -29.5 

-. 19 -38.2 

-. 126 -41.1 

-. 8771 -40.7 

-. 0558 -39.6 

-. 0866 -37.5 

-. 0165 -34.2 

-. 0206 -33.7 

-. 00495 -24.5 

-. 00568 -25.6 

.00161 -19.2 

.@a41 -19.6 

.8866C -19.2 

.El6734 -18.6 

.08956 -18.2 

-3 1 

-31.3 

-25.7 

-17.4 

-11.8 

-E. 09 

-2.65 

-. 355 

-. 334 
.219  

. e 1 7  

-. 231 
2.36 

6.89 

5.92 

4.93 

10.9 

18.4 

8.87 

6.58 

135 

131 

137 

148 

148 

147 

130 

111 

99 

86. E, 

7 4  

78 

78.8 

74.8 

77.2 

70.9 

64.8 

c .- .db. 1 

46.6 

2;s. 9 

-88.8 

-88. :: 

-71.1 

-53.4 

-37.7 

-26.5 

-7. 98 

-. 988 
-.749 

. 4 1 8  

1.28 

-. 378 
3.7 

9.92 

8.74 

13.1 

13.3 

10.8 

6.97 

4.73 

ce 
J J 

115 

1 1 3 

9 5 . 7  

E:1.9 

4 3 . 5  

3 3 . 7  

24.t 

2'3. 1 

1 4 . 5  

1 5 . 7  

continues. . 
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Table 10, concluded 

I 

X/D * S I  B 6 U V W 

P S U  deg. deg. f P 8  f P s  f P s  

. O B 9 6 4  - 19.7 . G O 5  3 2 . 3  . :362 1 1 . 6  4 . 1  

2 8 . 5  -, 562 ’ 12 4 . 2  .I3185 - 2 2 . 8  -1 .04  

,0124 -24  2 .92  2 6 . 1  1 .46  ’ 11.6 

. I3169 - 2 3 . 6  26.9 15.1  8 . 3 6  6.59 

4.3 
,d 

4 . 4  
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Table 11: Mean Flow Data a t  x/D = 2.5; MAN(A) 
4 

B 6 U V W x/D p13 

P S U  deg . deg . f PS fP8 f PS 

0 -. 0 5 3 6  -1.66 2.42 139 5.87 4.02 

. 1  

. 2  

. 3  

. J  

1 

1.5 

1 . 7 5  

-. 8475 

-. 0539 
A -. 0492 

-. 8512 

-. 0 5 8  1 

-. 0437 

-. 0376 

-. 6285 

-4.76 

-6.4 

- 0 -2.64 

-1  1 

-13.5 

-17.2 

-20. 6 

-22.4 

-22. =J 

- 3 3  -4.3 

4.15 

2.75 

3.24 

3.33 

3.47 

4.36 

4.92 

5.46 

6.16 

6.08 

1'35 

139 

135 

136 

134 

128 

120 

110 

103 

95.5 

9.82 

6.71 

7.72 

8.16 

3.35 

l a .  2 

11 

11.4 

12 

11.1 

11.2 

15.6 

20.5 

26.4 

32.1 

39.6 

45.1 

45.4 

4 2 . 7  

41.1 

2 .  -. 00988 -23.3 6.56 86.8 10.9 37.4 

9.82 35.2 2 . 2 5  -. 6874 -23.4 6.32 81.4 

2.5 - .000131 -23.2 * 8.21 70.3 11 30.1 

2.75 -.00114 -22.6 6.64 68.8 8.68 28.6 

3 . 0 0 3 5 9  -23.2 7.97 59.2 9.01 I S .  4 
I 

3.25 ,06616 * '  -23.5 7.52 52.1 7.5 22.7 . 

3.5 

5% 5'5 

4 

, 80809  -24.6 

.0126 -25 

,0121 -25.3 

6.91 45.1 6.01 26.6 

8.74 33.5 5.68 15.6 

6.29 31.3 3.82 14.8 

continues. . .  
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Table 11,  concluded 

x/D B U V W 

P S U  deg . deg. fPS fPs fPs 
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Table 12: Mean Flow Data at x/D = 2.5; MAN(C) 

. 
X/D pf3 B 6 U V W 

I Psig deg . deg. f PS fPS f PS 

6 

. I  

.2 

.3 

. 4  

e . J 

.?5 

1 

1 .25  

1 . 5  

1 . 7 5  

2 

2 ,  'J 

2.75  

3 

3.25 

3.5 

3? 7 5  

-1'3.8 

1.89 

5.21 

1 1 4  

54.4 

c .- 4 b  

e 
1 1 

40 

74 .  '3 

ill. 1 

c 7 -8 

- 1 ,  . i 

continues.. . 
15 1 



Table 12, concluded 

B 6 U V W X/D p* 

4 . 2 5  ,0134 -17 .9  8 . 3 9  :I: 5 . 4 5 . 4 9  11 .4  

4 . 5  .0151,  -19 .8  7 . 4 3  dr,. :3 3 . 7 4  ' 3 .64  c -  

- .-, .-, 4 . 7  .8161 -16 .7  4 . 2  28, :3 1 .59  e. c s  

a 

152 
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Table 13: Mean Flow Data at x/D = 3; MAN(A) 

x/D pS 8 6 U V W 

PSk3  deg deg. f PS f Ps , fps 

8 

. l  

. 2  

. 3  

. 4  

.5 

. 8  

1.1 

1 28 

117 

119 

1 1 '3 

117 

116 

1 1 1  

1 c12 

continues. .  . 
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Table 13, concluded 

x/D B 6 U V W 

Psi&? deg. deg. f PS f P S fps 
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Table 14: Mean Flow Data at x/D = 3; MAN(C) 

. " 
x/D pa B 6 U V W 

P S U  deg. deg . f Ps f Ps fPS 

0 

.1 

. 2  

.3. 

.4 
I h 

I 

.s 

. 8  

1.1 

1.4 

1.7 

2 

2.3 

2.9 

3.2 

3.5 

3.8 

4.1 

4 . 4  

4.7 

-.El132 

-. 8183 
-. 8158. 
- . a 1 8 3  , 

-. 8857  

-. 823 

-. 0.322 

- 82.32 
-. 8162 
-. 81 1 
-. 88485 
-. 88247 

.0836S 

.88978 

.on933 

.a113 

.a116 

.a145 

.8158 

-48 

-40 

-31.4 

- 2 4 . 2  

-16.7 

-11.2 

-. 475 
2.12 

'1: . 5 7 

'2 , 8 3 

4.87 

3 . 7 6  

2 - 2 3  

1.96 

4.6 

. 5 8  

:3.95 

3.58 

2.95 

6.7 

4 7 . 1  

44.7 

- -  - 
~i .t* 

15.5 

15.1 . 

7 . 6 7  

155 

continues... 



Table 14, concluded 

x/D p* B 6 U V W 
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Table 15: Mean Flow Data at x/D = 3.5; W ( A )  

7 -. .-. -. 0175 -4 .85  4.15 184 7.5’3 I ..>; 

. 3 .  -. E1143 - 5 . 6 6  4.76  188 8.37 9-32 

.-a 
.L . 
. 4  

c . >  

.8 

1.1 

1.4 

1.7 

3 . 2  

3.5 

3.8 

4.1 

9 9 

101 

‘3 5 . ‘3 

9 3 c 

86 

::; 3 3 

7 3 .  c 

74.9 

65.1 

61.5 

58.2 

5 1 . 8  

4 3 . 3  

J I‘ . 9 

L , .-I 

--. 

. a 7  

E: . :z r; 

8.8 

8.66 

a .  63 

9.21 

18.1 

10.4 

8.8, 

7.21 

.6.41 

5.69 

1 1 . 1  

1::. 4 

1:. 3 

15. 1 

14.3 

4 *4 .a113 - 2  1 6 . 7 2  35.1 4.43 1’3.5 

4.7 .El139 -28.9 &. 88 2 6 . 7  4.05 18.2 

continues. . . 
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Table 15, concluded , 

8 6 U V W x/D p* 
~- 

Psig deg. deg. f Ps f Ps f P s  

.-, .-, c .J ,0154 - 1 5 . 6  - 1 . 5 5  6 . 6 4  



Table 16: Mean Flow Data a t  x/D = 3.5; MAN(C) . d 

B 6 U V W x/D ps 

Psig deg. deg. f Ps f Ps fPS 

0 

. l  

.2 

.3 

.4 

. 5  

.8 

1.1 

1.4 

1.7 

2 

2.3 

2.6 

2 . 9  

3.2 

3.5 

3.8 

4.1 

4 ::4 

4.7 

-. 08287 

. 8166 

,8221 
.A -. 08173 

-. 0186 

-. 8 1  11 

-. 8158 

-. 8134 

-. 8182 
- 8 El 6 ':r 3 

-. 00376 
b .J 

.886735 

. 8 0 1 8 1  

, 0 8 5 3 7  

08883 

,8183 

.0115 

,8131 

.El159 

.017  

- 1. :>Q 

-5.34 

-8.54 

-18.9 

-13.6 

-15.6 

-18.9 

-19.2 

-18.6 

-18.3 

-18.1 

-17.6 

- 1 :;: . :3 

-18.9 

L O .  2 

-19.3 

-18.4 

-21.1 

- 1 0 c* . 7 

-17 

- .-. 

continues.. . 
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Table 16, concluded 

x/D 8 6 U V W 

Psig deg. deg. f Ps fps f Ps 

S ,0177 -17.1 8 8 8 i t  

5.3 ,0171 -13.3 8 8 8 8 

5.6 ,0168 -12.2 8 8 8 8 

5.8 .81:31 -9.27 a ir 8 0 

6 ,018 -9.57 8 8 8 8 

6.2 .8183 19.1 6 0 0 0 

6.4 . a182 11.3 0 a 8 8 

I. 
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Table 17: Mean Flow Data at x/D = 4; MAN(A) 

B 6 U V W x/D pS 

Psig deg . deg. f PS f Ps fPs 

0 

. 1  

. 2  

. 3  

.4  

. 5  

. 8  

1.1 

1.4 

1.7 

2 

2.3 

2.6 

2.9 

3.2 

3.5 

3.8 

4.1 

4.4 

4.7 

-. 81 12 

-. 8 8 5 6  1 

-. 88943 
-. 8182 

-. 8103 

-. 81 14 

-. 88784 

-. 80617 

-. 08457 

-. 618267 

. O(3c1181 

.08146 

.a0321 

. 061443 

.of254 

,08749 

.OB35 

,80976 

. 0 1  17 

. 0 1 3 2  

- 1 . 4  

- 2 . 3 6  

-3.34 

-4.85 

-4.79 

-6.16 

-8.27 

- q .-a 3 

-18.3 

- . a b  

- 1 r, 1 

-12.8 

-13.4 

- 1 4 . 1  

-14.9 

-15.6 

-16.1 

-17.2 

-17.5 

-19.3 

-21.4 

L .  

4.22 

7.14 

4.65 

4.54 

4 .16  

4.57 

4.83 

5.29 

5.34 

5.47 

6.45 

6.35 

6.74 

6.43 

6.83 

6.74 

c. 48 

6.53 

6.39 

8.44 

94.7 

91.4 

94.1 

44 

94.4 

95.1 

89.9 

86. 6 

62.7 

38.6 

72.4 

68.2 

63.7 

59. & 

56.3 

50.5 

46.5 

41.8 

35.3 

29.9 

6.48 

11.5 

7. E.& 

7.5 

6.4 

7.64 

7.75 

8.12 

7.86 

8.4 

8.39 

7.8 

7.76 

6.96 

7 

6 . 2 1  

5.52 

5.01 

4.21 

4.77 

2 , 3 1 

3.77 

5.4% 

1.38 

7.31 

1 0 . 3  

1 3 . 1  

14.2 

15 

16.9 

16.4 

16.2 

16 

15.4 

15.7 

14.6 

14.4 

13.2 

12.8 

11.7 

continues. . . 
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Table 17,  concluded 

8 6 U V w x/D pS 

Psig deg. deg. f Ps f PS fPs 

5.3 , 8 1 4 2  - 2 3 . 8  4 . 1 4  .- 7 3 1.  % 2  10.1 

5 . 5  . 8 1 5 7  - 2 4 . 4  6 . 7 6  1 5 . 2  1 . 9 8  6.9 

5 . 7  . a 1 5 9  - 2 3 . 6  8 . 2 7  14 .6  2 . 3 2  6 . .3-3 

5.4 . 0 1 5 9  - 1 1 . 5  -3.83 . 1 4 . 1  -. 806 5 . 5 7  
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. 
Table 18: Mean Flow Data a t  x/D = 4; MAN(C) 

Psig deg deg. f Pa f PS f PS 

8 - . &  88'388 -1.44 -4.88 59.6 - 5 . 8 %  1.5 

1. '3 5' . I  -. 08125 -3.6'3 -1.34 60.9 -1.43 2 . 
. 2  -.88535 -6.79 - . --4.89 66 -4.76 7 .  $6 

.3 -. 88374 , -7.73 -3.88 64.3 -4.4 8 . 7 3  

.4 -. 06643 -9.58 -2.92 69.6 -3.6 1 1 . 7  

. 5  -. 88627 -18.7 - 2 . 0 8  78.3 -2. 6 1 3 .  :: 

. 8  

1.1 

1.4 

1.7 

2 

2.3 

a.  6 

2 . 3  

3.2 

-13.6 

-14.4 

-15 

-14.5 

-15.3 

-15.2 

-14.7 

- 1 6 . 6  

-17 

.162 

1.52 

2.91 

3 . 6 7  

4.95 

3.84 

4.53 

3.76 

4.87 

74.2 

76.1 

75.  -3 

71.6 

64.5 

64.2 

5 ' 5  . '2 
54.2 

44.8 

,216 18 

2 . 0 8  1 3 . 5  

3.983 2 c1 . .> 
4.74 18.5 

5.79 17. 6 

4.47 17.4 

4.85 1 5 . 5  

3.72 16.1 

3 . 9 - 9  1 3 . 7  

3.5 .88971 -18.5 5.15 d Y  3.7 13 

3.8 .BIB6 -19.4 1.29 34.5 .826 12.2 

4.1 ,0113 - 2 0 . 2  -. 409 31.5 -. 23'9 11.6 

4 :4 .0141 - 1 9 . 2  -1.12 2 2 . 1  -. 457 
4.7 ,0148 -19.4 -6.6 17.9 - 2 .  2 6 . :I: 2 

r -  

7 .  

continues... 
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Table 18, concluded 

X/D pS B 6 U V w 

-~ ~ 

. 0161  - 2 0 . 2  - 2 l . S  1.63 -3.62 3.18  5 



Table 19: Mean Flow Data a t  x/D = 5; MAN(A) 

8 6 U V w x/D ?a 

P S U  deg . deg. f P s  f Ps f Ps 

0 

.2 

.3\ 

. 4  

. s  

.8 

1.1 

1.4 

1.7 

2 

2.3 

2. c 

2.9 

3.2 

3.5 

3. s 
4.1 

4.4 

4.7 

- 2 . 2 6  

-2.41 

-3.42 

-3.42 

-4.12 

- 4 . 2  

-5.58 

- 6 .-- 7 

- 7 . 0 3  

- 7 . 9  

-9.52 

-10.2 

-18  

-12.3 

-12.9 

-14 

-13.5 

-14.7 

-17.4 

-19 

. L  

4.77 

9.84 

5.17 

4.97 

5.6 

.-I . 4 8 
5 - 2 6  

5.73 

5.67 

5.59 

6.32 

6.16 

6.14 

5 .68  

5.39 

7.64 

7.13 

7.24 

8.09 

9 . 2 7  

8 4 . 4  

7 8 . 3  

82.1 

el.? 

78.3 

75.7 

7 4 . 5  

71.3 

66.2 

63.6 

61.2 

59.6 

52 

50.5 

42.8 

39.3 

34.1 

7.05 

13.6 

7.54 

7.215 

8.81 

7'. 89 

7 . 5 6  

7 .9  

7 .57  

7 . 3 5  

8 

7.25  

7 

6.23 

5 . 7 7  

7.36 

6.49 

5.62 

5.86 

5.88 

8.6 

9.34 

1 0 3 

12 

11.9 

. J  

11.2 

13.3 

13.6 

13 

12.1 

11.2 

12.3 

11.7 

continues. . .  
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Table 19, concluded 
I 

B 6 U V W x/D ps 

P S k 3  deg. deg. f Pa f Ps f Ps 

5.3 . a131 - 2 8  7.06 2 8  3.7 1c1.z 

6 . 1  .815 -24.9 6 . 1 7  1 7 . 4  2 . 0 7  5:. 08  

6.5 ,8145 - L S .  .-, .-, 1 2 .  1 '3 .1  1.  c5 ::: . 1 4 

6 .  :3 ,0158 L 3 . 1  7 . 0 1  1 1 . 2  1.58 6.24 - .-I I- 

r 7 . 8 1 5 7  - 2 6 . 3  - 5 . 1 7  18 .  m3 - 1 . 1 1  i s  . 4 1 
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1 .  
Table 20: Mean Flow Data at x/D = 5; MAN(C) 

8 6 U V W 

P S U  deg . deg. f Ps f Ps f P 9  

x/D p13 

2 .2 '3  .80578 -2.84 8.18 62.7 9.81 0 

. 1  .80583 -3.36 

. 2  -. 888449 -3.65 

.3 .60@64 1 , -5.14 

.4  -. 8Q849C -5.45 

. 5  -. 68 129 -5.9'3 

. 8  .OB8713 -7.8 

1.1 .088  123 -8.89 

1.4 ,88148 -9.74 

1.7 

2 

2.3 

2.6 

2 . 9  

'3.2 

3 . 5  

3.8 

4 . 1  

4 .b 

4.7 

,808727 

,88328 

.a0434 

,68492 

.00782 

.a0549 

.8843 1 

.80965 

,66984 

,0125 

.8123 

-18. E 

-10.7 

-18.6 

-12.1 

-12.7 

-12.9 

-13.8 

-14.5 

-15.8 

-14.3 

-19.4 

8. "6 6 2  

3.84 6'3.9 

3.5 68 

2. :34 69.4 

2.13 78.4 

3.97 68.1 

3.9 68.8 

4.83 66.7 

4 . -2 
5.87 

5.52 

5 .45  

6 . 8  

4.48 

7.81 

5.4s 

3.92 

5.16 

1.85 

9.03 .3'. 64 

3.72 4.4G 

4.17 6.11 

3 .  5 2  6. c.3 

3.9 7.44 

4.78 9 . 3 3  

4.75 18. 

5.71 11.4 

5 . 8 5  

5.65 

5.94 

5.54 

6.4 

4.26 

5.65 

4.84 

2.74 

2 .  e2 

, 9 8 3  

continues... 
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Table 20,  concluded 

B 6 U V W 

P S U  deg . deg. f Ps fPS fPs 

X/D p* 

5 , 0 1 4 4  - 1 9 . 5  .533 20 . 1 9 7  7.87 

5 . 1  .0139 - 2 1 . 2  . 587  2 1 . 7  . 2 8 6  8.44 

5 . 2  . 0146  -20.6 2 . 3 5  18.3  ,883 6.18 

5 . 3  . 0 1 4 7  -22.3 -. 357 1 6 . 8  -. 113 6.91 

5 . 4  . 0 i a  - 2 1 . 2  - . 3 7 3  ' 16.8 -. 1 1 9  6.5 

,a 

5 .5  .8159 - 2 4 . 4  .6S1 8 . 1 8  .187 3.71 

5 . 6  ,8146 -23 - 2 . 2 8  16.2 -. 781 6.89 

5 . 7  , 0 1 4 8  - 2 5 . 6  -3. 33 15 .5  -. '998 7 . 4 1  

5 . 8  .0159 -20  - 8 . 1 9  7 . 6 7  - 1 . 1 2  2 - 7 9  

6 ,8158 - 2 4 .  &! . - 1 1 . 1  9 - 2 4  -1.44 4 . 2 7  

6 . 1  ,016  -25 .2  -3  1'. 7 4 . 3 3  -2.46 2.04 

6 . 2  .0161 -24 .4  8 8 8 8 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  +*********** .. .. .. .. . .. . .. .. .. . .. . .. 

MnSS FLOW RtiTE = 2.02  LbSi'SBC. 
MFlCH NO.  (Based On Average B x i  a1 Veloc i t . y : i =  . 83 
REYNOLDS NO. = 7992 1.9 
A V E R A G E  A X I A L  V E L O C I T Y  = 3 4 . 1  f p o  

+**********+**** 
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Table 21: Mean Flow Data along the Jet Axis; MAN(C) 

x/D B 6 U V W 

Psig deg. deg. f PS f ps f PS 

c 
A .  1 - 1 3 -# 1.5 -. 135 -1.56 -.419 187 . d f  

1.8 -.117 -1.81 .15 178 ,467 5 . 6 2  

2 -. 8956 -2.89 .687 166 1 s 99 6.85 

3.5 -.a113 -2.14 3.75 103 6.72 3.8.3 

4 -. 6124  -_ 1 . 5 4  3 .  e., 9 4 . 3  6.36 2 . 5 4  

-.a6314 -1.6 5.18 81  7.34 2.26 c 3 

6 -. 888915 - 1 . 5 9  4.66 75 6.12 2.88 

7 .a0356 -1.39 5.92 65.3 6.84 1.6  

8 ,88618 - . a24  6.43 59.4 6.7 ,232 

9 .08733 -.424 5.95 55.2 5.75 ,488  

10 .00883 . 9  6.52 50.9 5.82 -. 7-34 

11 .8183 .879 6.73 46.7 5.51 -. 716 
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Table 22: Mean Flow Data along the  J e t  Axis; MAN(C) 

B 6 U V W 
x/D ps 

p s i g  deg . deg. f PS f PS f PS 
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Table 23: Hot-wire Data along the Jet Axis; MAN(A) 

f 

x/D u/uo urns /uo 

0 
. 25  
. 5  
, 7 5  
1 
1 .25  
1 , s  
1 .75  
2 
2 . 2 5  
2 . 5  
2 . 7 5  
3 
3 .25  
3 . 5  
3 .75  
4 
4 . 5  
5 
3 . 5  
6 
6 . 5  
7 
7 . 5  
8 
8 . 5  
3 
9 . 5  
10 
10 .5  

1 
1 . 6 4  
1 .82  
.998 
. 9 6 7  
. 9 4  
. e 9 3  
, 8 4 3  
. 7 8 1  
. 7 2 6  
,675  
. 6 1 3  
. 5 7 8  . 573 .- b 
. 5 0 5  
. 475  
. 4 1  
, 3 6 1  
,326 
. 3 3 7  
. 2 $  
.289 
.277 
.26 
. 2 5 6  
. 2 4 7  
.2.22 
.23 
.22 
. 2 1 4  

.El491 

.0468 

. 8 5  
, 8 5 6 2  
.0534 
.a784 
. 8 8 2 5  
.a935 
. 1 2  
, 1 3 4  
, 1 4 3  
. 1 5 2  
. 1 4 5  
, 1 3 7  
. 1 3 4  
.125  
. 1 1 3  
, 1 0 4  
.a926 
. 0824  
, 0746  
. 0 6 4 8  
. a 6 4 8  
.61627 
.0561 
.0321  
,0536 
. 0 4 6  
.0477  
, 0 4 6 7  
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Table 24: Hot-wire Data along the Jet Axis; MAN(C) 

x/D u/u, 

8 
. 2 5  
. 5  
. 7 5  
1 
1 . 2 5  
1 . 5  
1 .75  
2 
2 . 2 5  
a .  5 
2.75 
3 
3.25 
3 . 5  
3 .75  
4 
4 . 5  

5 . 5  

6.5 
7 
7.5 
8 
8 . 5  
9 
9.5  
18 
18.5 

c 

0 

1 
1.02  
1.81 
, ,388 
. 9 ? 5  
. 9 5 4  
9 3 8 

. 3 5  

. e89  
, 8 1 4  
.652 
. 4 1 6  
. 2 s 7  
.24 
, 2 4 9  
. 2 4 3  
. 2 4 6  
, 2 4 1  
.243 
.231 
.243 
. 2 2 1  
.222 
. g o 3  
, 2 8 3  
.149 
, 1 8 7  
.188 . le6 
.178  

172 



Table 25: '  Overall Sound Pressure Levels along the Jet  Axis 

OASPL(dB) OASPL (dB) 

1 .  
1.23 
1.5 
1.79 
2 
2 . 2 5  
2.5 
2 . 7 5  
3 
3.25 
3.5 
3.75 
4 
4. 5 
5 
5.5 
6 
6.5 
7 
7.5 
8 
8.5 
9 
9.5 
16 
18.5 
11 

136.3 
135.8 
136.1 
137.1 
138.5 
139 
146.1 
139.5 
139.5 
138.7 
138.6 
137.1 
135.7 
134.8 
133.3 
131.8 
130.6 
128.9 
127.5 
125.7 
124.5 
123.9 
122.5 
121.1 
120 
119.7 
119.3 
118.2 
117 
117.6 
116.6 

146.5 
146.1 
145.9 
145.9 
145.8 
147.2 
147.9 
148.3 
148.9 
147.9 
145. 5 
144.2 
134.7 
137.5 
134.7 
133. 9 
131 
128.5 
125.9 
125 
123.3 
122.4 
121.3 
120.7 
119.6 
119.7 
118.4 
118.3 
117 
116.7 
116.2 
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APPENDIX A: 

FIVE-EOLE PROBE CALIBRATION PROCEDURE 

The c a l i b r a t i o n  of t h e  probe is  done i n  a f r e e  j e t  f a c i l i t y  

where t h e  flow d i r e c t i o n  can be neasured w i t h i n  0.5 degrees.  The 

f i r s t  s t e p  t o  c a l i b r a t e  t h e  probe was t o  set t h e  probe t i p  i n  t h e  

h o r i z o n t a l  plane s o  t h a t  t h e  yaw was aerodynamical ly  nulled.  This  

c o n d i t i o n  was maintained by f r e q u e n t l y  checking t h e  z e r o  reading  f o r  

(p2 - P4) d u r i n g  t h e  whole c a l i b r a t i o n  procedure. The next  s t e p  

c o n s i s t e d  of reading  t h e  output  from t h e  Digi Q u a r t z  t r a n s d u c e r s  

which have an output  f requency a s  a f u n c t i o n  of t h e  a p p l i e d  

pressure .  These measurements were made a t  f ive-degree increments  i n  

6 over  t h e  range -30' < 6 < +25O. These p r e s s u r e s  were t h e n  used t o  

c a l c u l a t e  t h e  fo l lowing  nondimensional c o e f f i c i e n t s  f o r  each p i t c h  

angle  ( 6 )  s e t t i n g :  

p3 - p1 
1) Normalized p i t c h  p r e s s u r e  d i f f e r e n c e ,  NPPD = HIP ' 

2 )  Normalized s t a t i c  p r e s s u r e  d i f f e r e n c e ,  

p5 - Pt 3) Normalized t o t a l  p r e s s u r e  d i f f e r e n c e ,  NTPI) = 

I n  t h e  above c o e f f i c i e n t s ,  ha l f  impact p r e s s u r e ,  HIP = P5 

1 - -G (P1 + P2 + P3 + P4) and P5, are t h e  f ive-hole  prove p r e s s u r e s .  

The above measurements were made a t  a range of Mach numbers ranging 

from 0.06 up t o  0.4, and t h e  r e s u l t s  are t a b u l a t e d  i n  Tables  A1 

through All and p l o t t e d  i n  F igures  A1 through A3. These t a b l e s  are 

A .  2 



d i r e c t l y  used i n  t h e  computer progran. An i n t e r p o l a t i o n  and 

i t e r a t i o n  scheme i s  a p p l i e d  between t h e  t a b l e s  and w i t h i n  each t a b l e  

t o  i n c r e a s e  the accuracy and inc lude  t h e  c o m p r e s s i b i l i t y  e f f e c t s .  

T o t a l  Mach number, p i t c h  a n g l e ,  and s t a t i c  and t o t a l  p r e s s u r e s  are 

c a l c u l a t e d  from t h i s  procedure a t  each measuring poin t .  With yaw 

ang le  and tempera tures  known, t h e  t h r e e  components of v e l o c i t y  

v e c t o r  are then  c a l c u l a t e d .  

The c a l i b r a t i o n  of t h e  f ive-hole  probe is based on t h e  

assumption t h a t  t h e  c a l i b r a t i o n  c o e f f i c i e n t s  are independent of 

Reynolds number based on the probe t i p  diameter. 

A. 3 
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Table A1 : Five-Hole Probe Calibration 

M = -06 

6 (deg) H I P  NSPD NPPD NTPD 

-30 

-2 5 

-20 

-1 5 

-10 

-5 

0 

5 

10 

15 

20 

25 

. 0243 

.0251 

-0263 

0253 

0259 

. 0248 

. 0242 

.0243 

0256 

.0156 

.0225 

0248  

04763 

-7371 

. 9486 
1.1761 

1.2934 

1.4420 

1.5057 

1 . 4954 
1.3516 

1 . 9646 
.8999 

. 7782 

3.5546 

2.9283 

2.2417 

1.7527 

1.0772 

-5530 

-.0041 

-. 5591 
-1 0703 

-2.7910 

-1 8598 

-2.6694 

-1.1505 

-.6932 

-. 3654 
-.2255 

-0  0502 

- . 0040 
-.0041 

0 . 000 
-.0234 

01479 

-. 3426 
-. 5766 

A. 7 



Table A2: Five-Hole Probe Calibration 

M = .oa 

NSPD NPPI) NTP D 6 (deg) HIP 

~~ 

-30 

-2 5 

-20 

-1 5 

-10 

-5 

0 

5 

10 

15 

20 

25 

.0310 

.0333 

.0355 

-0372 

.0351 

.0344 

. 0348 

.0353 

.0362 

.037 1 

-037 3 

. 0358 

.5516 

.7654 

.9422 

1 . 1063 
1.3146 

1.4407 

1 . 4201 
1 . 3751 
1.2983 

1 . 1578 
. 9853 
. 7806 

3.7032 

2.7970 

2.2241 

1 . 6490 
1.0961 

.5178 

-. 0345 
-. 6143 
-1.1160 

-1.6399 

-2.1835 

-2. 8092 

-1.1774 

-.6677 

-. 3693 
-. 1856 
-.0712 

-. 0029 
-. 0000 
-. 0085 
-. 0276 
-.1106 

-. 2760 
-. 5674 

A. 8 



Table A3: Five-Hole Probe Calibration 

M = .11 

6 (deg) HIP NSPD NPPD NTPD 

-30 .0566 .4741 3.6111 -1.1542 

-2 5 . 0616 . 7263 2.8226 -.6837 

-20 . 0649 .9121 2.1881 -. 3763 
-1 5 

-10 

-5 

0 

5 

10 

15 

20 

25  

. 0661 

.0634 

-0617 

. 0607 

.0612 

. 0632 

. 0667 
-0667 

.0632 

1 . 0764 
1.2751 

1.3987 

1 . 4422 
1.4157 

1.3205 

1 . 1260 
. 9505 
. 7799 

le6272 

1 0926 

.4878 

-. 1021 
-. 601 1 
-1.1144 

-1 . 6594 
-2.1529 

-2 . 8409 

-. 1739 
-. 0678 
-.0097 

.0016 

-.0049 

-.0269 

-.0975 

-.2729 

-. 5732 

A. 9 



Table A4: -Five-Hole Probe Calibration 

M = 014 

6 (deg) HIP NSPD NPPD NTPD 

-30 

-2 5 

-20 

-1 5 

-10 

-5 

0 

5 

10 

15 

20 

25 

.0831 

0 0923 

.0988 

.0960 

.0929 

0914 

,0907 

-0913 

.0950 

.0980 

. 1006 

. 091 1 

. 4580 

.7 129 

.884 1 

1.1069 

1.2809 

1 . 3934 
1.4159 

1.3987 

1.2812 

1 . 1367 
.9180 

. 8034 

3.6848 

2.8028 

2.2069 

1.6461 

1.0581 

.5089 

-. 0342 
-. 6309 
-1.0879 

-1.6429 

-2.1964 

-2.9039 

-1.1898 

-. 6685 
-. 3481 
-. 1775 
-. 0495 
-.0109 

-. 0022 
-. 0033 
-. 0305 
-. 1031 
-. 2675 
-. 6063 

A. 10 



Table A5: Five-Hole Probe Calibration 

M = .19 

1 6 (deg) HIP NSPD NPPD NTPD 

-30 

-25 

-20 

-1 5 

-1 0 

-5 

0 

5 

10 

15 

20 

25 

. 1353 

.1572 

. 1670 

.1663 

.1635 

.1576 

1555 

.1548 

1663 

1669 

.1691 

.1623 

04957 

. 7 181 

. 87 75 
1.0759 

1.2232 

1.3665 

1.4051 

1.4183 

1.2195 

1.1291 

09199 

.7190 

3.7887 

2.8164 

2.2105 

1 . 6594 
1.1089 

.5528 

-.0219 

-. 6480 
-1 . 1537 
-1 . 6809 
-2.2575 

-2.8644 

-1.2814 

-. 6586 
-. 3749 
-. 1714 
-. 0599 
-.0114 

-.0013 

-.0032 

-. 0289 
-. 1103 
-.2927 

-. 5823 
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Table A6: Five-Hole Probe Calibration 

M = .21 

6 (deg) HIP NSPD NPPD NTPD 

-30 

-2 5 

-20 

-1 5 

-10 

-5 

0 

5 

10 

15 

20 

25 

.1730 

.1996 

. 2 107 

.2101 

.2102 

.2013 

. 1920 

.1915 

.2017 

.2153 

.2i6a 

.1999 

,5102 

.6967 

. a802 
1.0852 

1.2110 

1 . 3538 
1.4590 

1.3762 

1 . 3069 
1.0629 

. a97 1 
7449 

3.6636 

2.8118 

2.1901 

1.6529 

1.0860 

.5660 

0.0521 

-. 5602 
-1.1160 

-1.6728 

-2.2012 

-2. a849 

-1 . 2322 
-. 6843 
-. 3730 
-.1771 

-.0547 

-.0129 

-.0219 

.0365 

-. 0283 
-.1129 

-. 2690 
-a6043 . 
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Table A7: Five-Hole Probe Calibration 

M = -23 

~~ ~~ 

6 (deg) HIP NSPD NPPD NTP D 

-30 

-25 

-20 

-1 5 

-10 

-5 

0 

5 

10 

15 

20 

25 

.2170 

.2406 

. 25 16 

. 3548 

. 2483 

. 2401 

. 2389 

.2398 

. 2458 

.265 1 

. 2600 

.2380 

.4838 

. 7009 
-8853 

1.0571 

1.2354 

1.3611 

1 . 3990 
1.3841 

1.3035 

1.0419 

. 9269 

. 7821 

3.4280 

2.7916 

2.2589 

1.6733 

1.0619 

. 5264 
-.0100 

-. 5855 
-1 0785 

-1.6945 

-2.2 1 12 

-2.9406 

-1.1473 

-. 6663 
- e  3803 

-. 1817 
-.0560 

-.0104 

.0029 

-. 0050 
-.0277 

-. 1252 
- e  2862 

- e 6 3 4 1  

A. 13 



Table A8:  Five-Hole Probe Calibration 

M = .28 

6 (deg)  H I P  NSPO NPPD NTPD 

-30 

-2 5 

-20 

-1 5 

-19 

-5 

0 

5 

10 

15  

'LO 

2 5  

.3054 

.3282 

. 3578 

.3457 

.3487 

.3417 

.3408 

.3433 

.3532 

.3753 

.37 72 

.3358 

.5025 

.7357 

.8607 

1.1015 

1.2231 

1.3670 

1.4255 

1.4132 

1.3088 

1.0777 

.920 1 

.a204 

3.4167 

2.8253 

2.1732 

1.6908 

1.1331 

.5620 

.0112 

-. 5776 

-1.2037 

-1.6.592 

-2.2345 

-2.9325 

-1.1158 

-.6896 

-. 3631 

-. 1927 

-.0502 

-.0243 

-.0023 

.0044 

-.0405 

-. 1285 

-. 2892 

-.6597 

A .  1 4  c -  3 



Table A9: Five-Hole Probe Calibration 

M = .3 

6 (deg) H I P  NSPO NPPD NTPD 

-30 

-2 5 

-20 

-1 5 

-10 

-5 

0 

5 

10 

15 

20 

25 

-3316 

. 3727 
-3919 

. 4096 
-4022 

.3783 

. 3797 

.3827 

. 3906 

.4117 

.3951 

.3770 

5209 

. 7441 
9256 

1.0623 

1.1988 

1.3869 

1.3875 

1.3629 

1.2922 

1.0905 

.9853 

.7980 

3.5865 

2 . 7448 
2.2091 

1.6252 

1.1302 

.5509 

-0287 

-. 5440 
-1.1169 

-1 . 6385 
-2.2703 

-2.8751 

-1 . 2299 
-. 7022 
-.4037 

-. 161 1 
-. 0666 
-. 0204 
.0005 

-.0112 

-. 0364 
-. 1241 
-.3161 

-.6193 
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Table A10: Five-Hole Probe Calibration 

M = .34 

6 (deg) HIP EJSPI) NPPD NTPD 

-30 

-2 5 

-20 

-1 5 

-1 0 

-5 

0 

5 

10 

15 

20 

25 

.4531 

.4806 

. 5265 

. 5431 
* 5354 

.5205 

.5065 

.4992 

.5381 

.5520 

.5645 

. 5115 

. 5488 

.855 1 

.9717 

1 . 0794 
1.2406 

1.3553 

1.4237 

1 . 4638 
1.2688 

1.1185 

.935 1 

.8111 

3.5196 

2.8086 

2.1261 

1.6026 

1.0314 

. 5130 
-. 0677 
-. 6004 
-1.1653 

-1.6483 

-2.1294 

-2.8122 

-1 . 1836 
-. 6980 
-. 3694 
-.1852 

-.0637 

-.(I167 

-.0085 

-. 0060 
-. 2079 
-. 1198 
-. 2581 
-. 6068 
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Table A1 1 : Five-Hole Probe Calibration 

M = .4 

~ ~~ 

6 (deg) HIP NSPD NPPD NTP D 

-30 

-2 5 

-20 

-1 5 

-10 

-5 

0 

5 

10 

15 

20 

25 

.6201 

. 6658 

.6958 

. 7803 

.6963 

.6722 

. 6582 

. 6694 

.7063 

.7294 

. 7409 
-6897 

.5200 

. 7727 

. 9606 
1.1185 

1 . 2666 
1.3990 

1.4524 

1.4238 

1 . 2824 
1.1425 

.9596 

.8570 

3.4287 

2.7578 

2.1535 

1.6395 

1.1327 

. 5905 

.0469 

-.4412 

-. 9777 
-1.5582 

-2.0692 

-2.6205 

-1.0953 

-. 6623 
-. 3626 
-. 1635 
-.0500 

-. 0040 
-.0029 

-00022 

-. 0133 
-.0872 

-. 2401 
-. 5069 

A. 1 7  



APPENDIX B: 

HOT-FILM CALIBRATION PROCEDURE 

* * * * *  

TABLES INCLUDED I N  APPENDIX B: 

Title Page 

B1 Hot-Film Calibration Data................~o.........oo.B.2 

- Number 



APPENDIX B: 

HOT-FIIU CALIBRATION PROCEDURE 

As mentioned i n  S e c t i o n s  3.2.2 and 4.2, sone q u a l i t a t i v e  

t u r b u l e n c e  d a t a  were c o l l e c t e d  a long  t h e  j e t  c e n t e r l i n e  us ing  a TSI 

model 1210-20 hot - f i lm probe. The c a l i b r a t i o n  procedure was similar 

t o  Reference [109]. The probe was f i r s t  mounted on a T S I  model 1125 

c a l i b r a t o r  and connected t o  the DISA model 55M01 anemometer by t h e  

same cab le  used f o r  a c t u a l  measurements. The probe r e s i s t a n c e  was 

then  measured by s e t t i n g  t h e  anemometer t o  t h e  " r e s i s t a n c e  measure" 

mode w i t h  no a i r  flow i n  t h e  c a l i b r a t i o n  tunnel.  The r e s i s t a n c e  

va lue  was then  m u l t i p l i e d  by t h e  overhead r a t i o  of 1.5 and set on 

t h e  "decade" of t h e  anemometer. The next s t e p  was ad jus tment  of 

b r idge  ba lance  by squa re  wave tes t  u s i n g  an o s c i l l o s c o p e  and 

a d j u s t i n g  g a i n  and f i l t e r  knobs of t h e  anemometer f o r  bes t  

response.  F i n a l l y  t h e  c a l i b r a t i o n  d a t a  were taken  by r eco rd ing  t h e  

anemometer dc and ac ou tpu t  vo l t ages  f o r  a range of ?lach numbers 

from ze ro  (no f low)  t o  0.3. The dc vo l t ages  are t a b u l a t e d  i n  Table  

B1.  The c a l i b r a t i o n  d a t a  were then curve f i t t e d  t o  t h e  

r e l a t i o n s h i p  VCTA = a + b 6  where VCTA was t h e  br idge  v o l t a g e  and u 

t h e  a x i a l  v e l o c i t y .  Values of a and b which were determined and 

2 

inpur  i n t o  the  d a t a  a c q u i s i t i o n  program are 

= 4.14824M x 1120'+ 12.637 2 
"CTA 

B. 2 



Table B1: Hot-Film Calibration Data - 

M 'CTA 
-~ ~ . 025 

05 
.075 

. 10 

.125 . 150 

.175 

.200 

. 225 

.250 

.275 

. 300 

. 325 

. 350 

. 375 

. 400 

5.992 

6.589 
7.086 

7.502 
7.885 

8.188 

8.467 

8.715 

8.925 

9.125 
9.304 

9.469 

9.621 

9.759 

9.883 

10.002 
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APPENDIX C: 

COMPUTER PROGWS 

* * * * *  

T i t l e  Page -- Section Number 

c. 1 COMPUTER PROGRAM FOR MEAN FLOW MEASUREMENTS..o....oCo2 

c. 2 COMPUTER PROGRAM FOR HOT-WIRE MEASUREMENTS........C.17 

c. 1 



C.1 COMPUTER PROCRAM FOR MEAN FLOW MEASUREMENTS 

C. 2 



c. 3 





723 
7 2 4  
726 
727 
728 
729 
730 
73 1 
732 
733 
7 3 4  
736 
737 
740 
750 
751 
7 6 0  
770 
786 
790 
808 
81 1 
8 4 0  
84 1 
842 
8 4 3  
858 
85 1 
853 
8 5 4  
855 
856 
857 
858 
860 
861 
862 
863 
864 
865 
866 
867 
868 
869 
870 
87 1 
872 
873 
874 
875 
876 
877 
878 
879 
880 
88 1 
882 
890 
900 
910 
920 
930 
940 
950 
960 
970 

Rho=DROUND C Rho, 6 i 
P R I t l T  "4.5 INCH P L A S T I C  NOZZLE DHTA" 
P R I N T  " R A D I A L  TRAVERSE" 
PRINT "DATA STORED I N  D I S C  NO 2 4  ; RECORIl NO",RE.Cn 
PRINT "MANIFOLD OPEN = ' I ,  Man ! A = l  ,E=2 , C = 3  
Xs t=DROUND(Xst ,  3 )  
P R I N T  "REF X / D  STATION = " ,%s t  
P R I N T  "REF 2 STATION = " , Z % t  
L s l = S t e p l / 1 0 0 0  
L s 2 = S t r p 2 / 1 8 8 8  
L s 3 = S t  rp3/1808 
P R I N T  "STEP S I Z E S  = ' I ,  L s l ,  L s 2 ,  L2.3 
P R I N T  "NO OF STEPS = ' I ,  N r i l ,  Nr12, Nt i3  
P R I N T  "AMEIENT PRESSURE = ' I ,  P a  
PRINT "AMBIENT TEMP = ' I ,  T.3 
PRINT "DENSITY = ' I ,  R h C l ,  ' I  LtiS..'C.U. F T "  
P R I N T  "TANK PRESSURE=", P t  
P R I N T  "TANK TEtlP = ' I ,  T t  
PRINT "PLENUM PRESSURE=", P p l  
P R I N T  "PLENUM TEtlP = ' I ,  T p l  
P R 1 14 T M H N 8:: A j IS p = I i  p .a, I' 11 A 1.1 I. E: ::I 11 p = It , IS p , I.1 A 1.4 1: C ::I I i  p = , 11 p c 
! .I 
PR 1 NT ++ * + * + '' **, '' '' + + y + + 

' D i ame t. c r = 4 . 5  
R a d i  us=2. 25 
Area=. 11 ! .ll SQ.FT 
zz9=0 
Dp=Dpa+rtpti+Iipo: HS5l- l t lEI i  OtiE t.ifi!{ 1 FtZtLI! I jFERAT 1 Nt; ThEF:EFiztF:E 2 rip!:; fiF:E ZEF'i:i 
Ru=0  ! FOR MASS FLOW CALCULHTIONS 
R r u w = 0  ! F O R  SWIPL NO CRLC:ULHTIONS 
Ruu=Q 
Rww=0 
D uni rii = 0 
Rp=Q 
Nn=Nn 1 +Nn2+Nn3 
R r (  1 > = Q  
R r J C l > = Z s t  
FOR 1=2 TO N n l  
RrC I >=RrC 1-1 )+Lz.1/. '12 
R r l C I > = R r l C I - l > + L s l  
NEXT I 
FOR J = H n l + l  TO t J n l + H t i 2  
R r  < J > = R r  ( J - 1 > +L 5 2...' 1 2 
k r l ( J > = R r l C J - l > + L s 2  
NEXT J 

R r  C K > = R r  C K-  1 } + L s 3,12 
R r l C K > = R r l C K - l > + L s B  

FOR K = N n l + N t i Z + l  TO Nt> 

.NEXT K 
S t r p = S t e p l  
FOR L1=1 TO N n  
I F  L l > N n l - 1  THEN S t e p = S t . e p Z  
I F  L l U J n l + N n 2 - 1  THEN S t e p = S t e p 3  
S t p S S t e p  
L s - S t  t p /  1008 
Z t ( L 1  >=DROUNII( CZz9.'1000), 4) 
! 
REMOTE 702 ! TAKING 28 AVERAGES FOR EETH 
OUTPUT 7 8 2 ; " V % S  T l , " , V d c  
WAIT 10 
Kk 1=0 
FOR Ii=l TO 20 . 

WAIT . S  
TRIGGER 702 
K 1 = 0  
ENTER 7 0 2 ; K l  

c. 5 





! ,  " P T = " , F t  1 

c. 7 



c. a 



2808 
2809 
2810 
281 1 
2812 
2813 
2814 
2816 
2817 
2818 
2819 
2820 
282 1 
2822 
2823 
2824 
2825 
2826 
2827 
2828 
2829 
2830 
283 1 
2832 
2833 
2834 
2835 
2836 
2837 
2838 
2839 
2840 
284 1 
2842 
2843 
2844 
2845 
2846 
2047 
2848 
2049 
2850 
285 1 
2852 
2853 
2854 
2855 
2856 
2857 
2858 
2859 

! I F  U l C L l j = 0  THEN G O T O  2816 
I F  U l C L l > = 0  THEN 

I F  L l > N t i l  THEN 
Nn=L 1 
GOTO 2817 
END I F  
END I F  
I F  L l < N n  THEN GOTO ,4128 
Yy=l-.08313+Dp 
LJfl OW=. 8484*Yy+SC!R<Dp) 
W f  1 ow=DEOUND (1 W i  1 ow, :3 > 
P R 1 T "'PI A 5 
! 
! 
umax=u 1 t: 1 > 
Wmax=Wl(l) 
FOR I = 2  TO Nn 
I F  W 1  < I j >Wriiax THEH Wrtinx=LJl 1.: I :J 
I F  U l  C I > )Uriia>r THEH Urttax=Ul 1; 13  
NEXT I 
LJmax=DROUND< Wmax, 3 )  
Umax=DROUt~D(Urna.,~, 3 )  
I F  Swl=2 THEN GOTO 2977 
Aa1=0 
Aa2=0 
Aa3=0 
Bbl-0 
Bb2=0 
Bb3=0 
c c  1=0 
c c  2=0 
cc3=0 
Ddl=0 
Dd2=0 
Dd3=0 
Ee 1 =0 
Ee2=0 
Ee3-0 
F f  1=0 
F f  2-0 
F f  3=0 
FOR 1=1 TO CNnl-1) 
X l l = R u l C I > + R u l ~ ~ I + l >  
Y l l = R r u w l ( I ~ + R ~ u w l ~ I + l >  
Z l l = R u u l C I > + R O u l C I + l >  
T l l = R w w l ~ I > + R w w l ~ : I + 1 >  
Q l l = A B S < R r < I > > + f i B S C R r o >  
H l l = R p l ~ I ~ + R p l C I + l >  
A l = X l l * A B S ( L s l > / 1 2 / 2  
B 1 =Y 1 1 *ABS C L s 1 ) .' 1 2 /2  
C I t Z l  l * A B S { L s l ) ~ ' l 2 / 2  

F L 111 14 F: A T E 1.1 E A :E; 1-i E: E I i  E ',i' 12 E: 1 F 1 I: E F;: U 14 5 = I' , W j 1 ,I, (,J , ' I  L t, !; ... !E. E :I " 

c. 9 
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c.12 



3684 
3685 
3690 

' 3691 
3700 
370 1 
3702 
3703 
3704 
3705 
3706 
3707 
3708 
3709 
3710 
371 1 
3712 
3713 
3714 
3715 
3716 
3717 
3718 
371 9 
3720 
372 1 
3722 
3723 
3724 
3725 
3726 
3727 
3728 
3729 
3730 
373 1 
3732 
3733 
3734 
373s 
3736 
3737 
3738 
3739 
374 1 
3742 
3743 
3744 
374s 
3746 
3747 
374% 
3749 
3750 
375 1 
3752 
3753 
3760 
3770 
3780 
3790 
3800 
3810 
3820 
3830 
3840 

PLOT R o r , U l i I >  
NEXT I 
DUMP GRAPHICS 
! 
G I N I T  
GRAPHICS ON 
DUMP DEVICE IS 710 
!PLOTTER I S  785, "HPGL" 
VIEWPORT 28,100,38,80 
FRAME 

HOVE 20,70 
GCLEAR 
WINDOW 0,1,-188,188 
AXES .5,25,0,-108,2,2,5 
FRAME 
FOR J=l TO 1 
HOVE 0,0 
C L I P  OFF 
MOVE .5,-115 
L A  BEL 'I r 1 D ' I  

HOVE .2,-130 
LABEL "MEHN RF1DIAL VELOCITY D I S T R I E U T I O N "  
DEG 

MOVE -. 1,-25 
LABEL " V i F P S j "  
L D I R  0 
C S I Z E  3.5, . 5  
L O R G  5 
FOR I=-100 T O  la8  STEP 58 
HOVE -.05, I 
LABEL USING "#,I:"; I 
NEXT I 
LORG 5 
FOR 1=0 TO 1 STEP . 5  
MOVE I,-105 
LABEL USING "#,k;"; I 
NEXT I 
NEXT J 
FOR 1 = 1  TO N n  
Ror=ABSCRrl C I > > . / . D i  an1et.e.r 
MOVE k o r , V l < I )  
LABEL " 0 "  

NEXT I 
FOR I = l  T O  N n  
R o r = A B S < R r l ( I > j  /Diarn+t6r 
PLOT R o r ,  V 1  ( I  > 

DUMP GRAPHICS 
! 
! 
G I N I T '  
GRAPHSCS ON 
DUMP DEVICE IS 718 

!PLOTTER IS 705, "HPGL" 
VIEWPORT 20,100,30,88 
FRAME 
C S I Z E  4, .4 
HOVE 20,70 
GCLEAR 
J=0 
MOVE 25,80 
GCLEAR 

 SIZE 4,.4 

h 

LDIR 90 

-NEXT I 

WINDOW 
AXES .5,.1,0,-.3,2,2,5 

0, 1,-rn 3, +. 3 
C. 13 



3858 FRAME 
3868 FOR J=1 T O  1 
3878 MOVE 8,8 
'3888 CLIP OFF 
3898 MOVE .5,-.35 
3908 LABEL " r Y " D "  

3918 HOVE .2,-.48 
3928 LABEL " S T A T I C  PRESSURE DISTkIEUTIOtI" 
3930 MOVE - . 5 , 8  
3948 LABEL " P  (ps. i g > 
3958 L O R G  5 
3960 FOR I = - . 3  TO . 3  STEP .3 
3978 HOVE -. OS, I 
3488 LHBEL USING " # , K " ; I  
3998 NEXT I 
4888 LORG 5 
4818 FOR I=8 T O  1 STEP . 5  

~ 4828 MOVE I,-.25 
4838 LABEL USI t4G "#,I:."; I 
4 0 4 8  NEXT I 
1858 NEXT J 
4868 FOR 111 TO Nn 
486 1 
4878 t l O V E  R o r ,  P s f  C 1 :J 
4888 LABEL " 0 "  

4898 NEXT I 
4091 FOR 1=1 T O  Nn 
4892 
4893 PLOT Rot-, P s f  i: I 'i 
4894 NEXT I 
4 108 DUMP GRAF"  I CS 
4128 I ***+****** ++* +***+**+*  t*-t 

4128! SUB X Y  T R A V  lf'23,'86 
4 1 2 9 !  I F  UlCLl: ' l=U THEN G O T O  4133 
4138 I F  UlCL1>=8 THEtI  
4131 I F  L l > N n l  THEN GOT0 4135 
4132 END I F  
4134 I F  L l<h ln THEN GOT0 4178 
413s ! 
4136 Head( 1 >=Man 
41137 Head(Z>=Dpa 
4 1 38 Head t 3 > =Dpb 
4 139 Head< 4>=Dpc 

I 4140 H e a J ( S > = X s t  
I 4141 HesJ(G>=Zst 

H e .ad ( 7 ) = L s 1 

Ror=HBS r' R r  1 ( I > :S ..'D i ariiat. a r  

~ 

I 

Ror=AESCRrl < I :':)...'Di .ahet.c't-. 

I 

, 

4 1 4 2 
4143 Htad(8>=Nn 
4144 Hcad(3>=Pa 
4145 Head< 1 8 i = T a  
4146  Head( 11  )=Rho 
4147 Head< 12)=Pt 

I 4148 Head< 13)=Tt 
4149 Head( h4>=Ppl 
4158 Headt 15>=Tpl  
4151 Head(l6>=Recn 
4152 Head< 17)=Swi r 1 
4153 H e a d ( l 8 ) = M f l o u  
4154 Haadt lS>=Wflow 

4156 Head(21 >=H.aue 
4 157 Headt 22) =Rave 
4158 Head<23)=Vs 
4159 Head(24)=Ls2 
41 6 8  Head(25)=Ls3 
4 16 1 Head( 26>=Umax 
4162 Head(27)=Wmax 

~ 

~ 

I 

, 

~ 

, 4153 Head(28>=Vauc ' 8  

I 

I 
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4617 I F  Uni  t=724  THEN M2=VALCB91 
4627 I F  Uni t3725  THEh M2=VALCA$) 
4637 Dm=M2-M1 
4647 ! I F  Dm<3 THEN DS="8" 
4657 ! P R I N T  " L I N E  931 ";Ml,M2,Dm,Ss 
4667 ! I F  Dm<3 THEN GOTO 822 
4677 I F  Dm<Sr THEN S i g n $ = " + "  
4687 I F  Dm<Ss THEN Ssl-Ss-Dm 
4697 I F  Dm>Ss THEN Sign$="-"  
4787 I F  Dm>Ss THEN Ssl=Dm-Sr 
4717 IF Dm<>Ss THEN 4467 
4727 WAIT . 5  
4737 NEXT I 2  
4747 NEXT L1  
4757 P R I N T  
4767 ! ASS I GN @ P a t h  TO "PRO 1 'I 
4777 !FOR L2=1 TO Nn  
4787 !OUTPUT @ P a t h ;  Yy<L2) ,  UcrCL2!, U r  ( L Z ) ,  U r a f ,  Xst. 
4797 !NEXT L2 
4887 STOP 
4817 OUTPUT T k x  USING 1 r i i y l ; " V  O " !  X-AXIS  

4837 OUTPUT T k z  USING I r i ig9;"V a " !  Z - H X I S  
4847 ENTER T k z ; A $  
48S7 ! PR I NT 
4867 RETURN 
4877 END 

4827 ENTER T k x ; B $  h 

I' L I NE 1 1 4 3 ' I  ; 63, H.t 
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698 
780 
710 
720 
730 
740 
7 5 0  
760 
770 
780 
798 
808 
810 
820  
830 
840 
850  
868 
86 1 
862 
1 6 4  
865 
866 
867 
869 
876 
872 
873 
886 
890 
486 
910 
9 2 0  
938 
940 
940 
468 
970 
488 
990 
1888 
1816 
1020 
1838 
1840 

c c  
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1860 D A T A  " 1 "  ! ENTER COPlMAND MODE 
1870 DATR " R  252"  ! STEP RRTE 
1830 D A T A  ' IS 3 " !  SLOPE 

1900 DATA 'IN 0 " !  NO. OF STEPS 
1910 ImgS="+,K" ! ASK JEFF 
1920 Tky=706 
1930 Tkz=719 
1940 COSUB 2500 
1950 ! U n i t  = 716,724,725 F O R  Y , X , Z  
1960 FOR I 2 = 1  TO 2 
1970 - I F  1212 THEN 2010 
1980 U n i t = 7 1 6  
1990 S i  gnS="+" 
2000 I F  (Dyy(0)  THEN S ign$=" - ' '  
2010 I F  I 2 = 1  THEN 2050 
2020 U n i  t x 7 2 5  
2030 S i  gn$="+" 
2040 I F  Dzz<0 THEN S i g n b = " - "  
2050 ! CONTINUE 
2060 RESTORE 1850 
2070 FOR 11-1 T O  6 
2080 READ CS( I1 )  
2090 . '  OUTPUT' U n i t  USING IritgS; " 0 "  
2 100 OUTPUT Un i t US I t4G I mg0; C b  I.. I 1 :I 
2110 NEXT I 1  
2120 S s - D y y  
2130 I F  12=2 THEN SS=DZZ 
2140 S s l - s s  
2190 COSUB 2500 
2160 I F  U n i  t = 7 1 6  THEN M~=VAL(BI: : I  
2170 I F  U n i  t o 7 2 5  THEN Pll=VFcL(Af:~ 
2180 Ss2=ABS(Ss1) 
2190 DS=VAL%CSs2) 
2200 ! P R I N T  " L I N E  822";Ssl ,D$ 
2210 ! I i 9  Loop f o r  tip9836 5/2'8....'86 
2220 I i 9 = 8  
2230 I i 9 = I i 9 + 1  
2240 I F  I i 9 = 2  THEN D $ = " O "  
2250 FOR Il=l TO 5 

! 1890 D A T A  'IF 30"!  STEP RATE FACTOR 

. 2260 OUTPUT Un i t US I N G  I mg% ; CQ t. I 1  } 
2270 NEXT I 1  
2280 OUTPUT U n i  t USING IritgS; ' I t 4  "; U S  

i 2290 OUTPUT Un i t US I N G  I riigd ; S i gn% 
I 2380 OUTPUT U n i  t U S I N G  Imgb; " C "  
I 2310 I F  I i 9 = 1  THEN GOTO 2230 , 
~ 2320 GOSUB 2500 

2330 I F  U n i t o 7 1 6  THEN M2=VAL(B$) 
2340 I F  U n i t s 7 2 5  THEN M2=VAL(AS) 
2350 De=MZ-Ml 
2360 ! I F  Dm<3 THEN DS="0I8 
2370 !PRINT "LINE 931 " ; M ~ , M ~ , D M , S S  
2380 ! I F  Dm<3 THEN GOTO 822 
2398 IF Dn<Ss THEN SignS="+"  
2480 I F  Drn<Ss THEN Sr;l=Ss-Dm 
2410 I F  Dm>So THEN S i g n $ = " - "  
2420 I F  Dm>Ss THEN Ssl=Dm-Ss 
2430 I F  Drn<>So THEN 2180 

~ 2440 W A I T  . 5  
I 2450 NEXT 12 

2460 NEXT L l  I 2470 P R I N T  
2488 P R I N T  
2490 STOP 1 25130 OUTPUT Tky USING In ig$ ;"V  a " !  Y - A X I S  
2510 ENTER T k y ;  BS 
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